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Abstract 

^N ■ Motivated by the desire to relate Bethe ansatz equations for anomalous di- 

Qs . mensions found on the gauge theory side of the AdS/CFT correspondence to su- 

0> I perstring theory on AdS^ x S^ we explore a connection between the asymptotic 

^~r ' S-matrix that enters the Bethe ansatz and an effective two-dimensional quan- 

f~^ ■ turn field theory. The latter generalizes the standard "non-relativistic" Landau- 

^O ! Lifshitz (LL) model describing low-energy modes of ferromagnetic Heisenberg 

spin chain and should be related to a limit of superstring effective action. We 
find the exact form of the quartic interaction terms in the generalized LL type 
, action whose quantum S-matrix matches the low-energy limit of the asymptotic 

Qj I S-matrix of the spin chain of Beisert, Dippel and Staudacher (BDS). This gen- 

>-Ch ■ eralises to all orders in the 't Hooft coupling A an earlier computation of Klose 

and Zarembo of the S-matrix of the standard LL model. We also consider a gen- 
k>( \ eralization to the case when the spin chain S-matrix contains an extra "string" 

^ • phase and determine the exact form of the LL 4-vertex corresponding to the 

low-energy limit of the ansatz of Arutyunov, Frolov and Staudacher (AFS). We 
explain the relation between the resulting "non-relativistic" non-local action and 
the second-derivative string sigma model. We comment on modifications intro- 
duced by strong-coupling corrections to the AFS phase. We mostly discuss the 
SU{2) sector but also present generalizations to the SL{2) and SU {1\1) sectors, 
confirming universality of the dressing phase contribution by matching the low- 
energy limit of the AFS-type spin chain S-matrix with tree-level string-theory 
S-matrix. 
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1 Introduction 

To demonstrate the AdS/CFT duality one is to establish a direct relation between the 
spectrum of the A^ = 4 SYM gauge-theory dilatation operator and the spectrum of 
quantum string energies in AdS^ x S^ . There are strong indications that both spectra 
are described by solutions of certain spin chain-type Bethe Ansatz. In the simplest 
bosonic sector of the gauge theory, the SU{2) sector, the spin chain is a long-range 
extension of the ferromagnetic XXX1/2 model mi2lEllllEl- Its Hamiltonian is known 
explicitly up to three loops; beyond this order the spin chain is defined by the Bethe 
ansatz H El ij 

M 

e'^'''^ = Y[S{p,,pj;\), (1.1) 



Jv^fe 



S{p,,p,; A) = SM,Py, A) e^^(^-^-^) , S, = !^^^^l±l 

Uk — Uj — I 



'1.21 



Here pj {j = 1, ...,M) are momenta of excitations which at one loop reduce to those 
diagonalizing the XXX1/2 monodromy matrix (i.e. magnons) and Uj are their rapidities 
related to pj by [Sj 



u 



,-u{pf,\), M(p;A) = icotf ^l + ^sin^f , (1.3) 



where A is the 't Hooft coupling. S{pk,Pj; A) is a phase shift [4j due to magnon scatter- 
ing which one may try to interpret as a two-particle scattering matrix of an integrable 
two dimensional field theory j3 [3 |HJ Ej whose fundamental excitations correspond to 
the spin chain magnons. The momenta pj = Pj{X, L, M) satisfying (jl.lll are also sub- 
ject to the quantization condition Y.h=i Pk = Svrm encoding the fact of cyclicity of the 
trace of the corresponding gauge-theory operators. Then, the energy of the spin-chain 
state or the anomalous dimension of the corresponding operator is given by 



M 



^ = E(\/l + ^si^'f-l)- (1-4) 

The factor Si in ()1.2|) is the standard Heisenberg model phase shift which enters also the 
asymptotic (large L) BDS gauge theory Bethe ansatz [3]. An extra phase 9 (common 
to all sectors [IHIIII]) is expected to be present in the exact ansatz which, according 
to the AdS/CFT correspondence, should match the conjectured Bethe ansatz on the 
string theory side lElEj- The precise structure of this phase (which at weak coupling 
should start from 3-loop A^ terms jHl El ^M ^^"^ ^^ strong coupling should include 
quantum string 4= corrections ^3 QHl EI) is a key open problem at the moment 
[TOl CHI Cni Uni El]. In addition to showing that S with correct dressing phase 6 does 
come out of the AdS^ x S^ string theory of |22j , one is also to provide a string-theory 



derivation of the dispersion relation ()1.3|) . (11.41) containing the "discreteness" factor 
sin^ |; important steps in the latter direction were recently made in ^01123 121] -^ 

To understand how the Bethe ansatz ()1.1|) may be related to string theory one may 
try to directly associate to it a two-dimensional action describing magnon interactions. 
At leading (1-loop) order in A the effective 2d action describing the "low-energy" part 
of the spectrum of the ferromagnetic XXX1/2 model is the non-relativistic Landau- 
Lifshitz (LL) action. It can be found by taking the continuum limit in the coherent 
state path integral representation for the Heisenberg model |29| ISn]. The S-matrix of the 
LL model on an infinite line does match P| the leading term in the small-momentum 
expansion (i.e. Uj — > | cot y — >■ — ) of the S*! -factor in ()1.2j) . The same LL action 

appears as a "fast-string" limit of the classical string action on R x S^ (SUl Ell 1^ - 
One can also reconstruct higher order in A terms in a generalized effective LL action by 
matching the energies of the Bethe ansatz states with their field theory counterparts 

[SHESlEllEniEniEZI- 

Our interest in this generalized LL action is due to the fact that it may serve as 
a bridge between quantum string theory and the generalized Bethe ansatz (ll.lj) . We 
expect that the large L = J limit of a quantum effective string action will be related 
to an effective LL action that reproduces the spin chain S-matrix. ^ 

Here we will not address in detail the relation to quantum string theory, concentrat- 
ing as a first step on the correspondence between the scattering phase entering the spin 
chain Bethe ansatz and the generalized LL model that reproduces it as its S-matrix. 
We shall demonstrate that a low-momentum form of the BDS S-matrix 5*1 in (jl.2j) 
is the same as the quantum S-matrix for a LL type action with a particular quartic 
interaction term, thus generalizing to all orders in A the S-matrix relation ^ between 
the Heisenberg model and the standard LL action. The fact that (a limit of) the BDS 
S-matrix can be interpreted as a quantum field theory S-matrix is non-trivial, indicat- 
ing the existence of a two dimensional field theory description behind the asymptotic 
gauge theory spin chain. 

We shall also show that including the AFS |6j phase in ()1.2j) leads in a similar 
way of matching the S-matrices to a non-relativistic field theory model with quartic 



^On the gauge-theory side, the history of derivation of the square root formula \/l + A sin' 



A=ir,2P 
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for "magnon" energy starts (in the smaU p hmit, sin | ^ f) ^^^^ ESI- All-order arguments for the 
validity of the formula with full sin^ | were given in |2SI (see eq. (62) there) and in [221 (where 
sin^ I appeared at intermediate steps of the derivation of the BMN relation). More recently, (|1.4|) was 
derived |28j using a matrix model obtained by s-wave truncation of SYM theory on S^. An interesting 
geometrical picture found in 28. apprears to provide a link to a related discussion on the string side 
in |2ni- ^^ 

^It is important to emphasize that quantum corrections computed by quantizing the large J limit 
of a classical action need not necessarily be the same as the large J limit of corrections found from 
the quantum effective action. 



interaction vertex that matches exactly the one extracted (using the approach of [3T]) 
from the classical string action on R x S^. This may not be too surprising, given 
that the AFS Bethe ansatz was obtained by discretizing jHI the classical Rx S^ string 
Bethe equations of [32], but this relation may help to relate the quantum deformation 
[T31 Uni 120] of the AFS phase to world sheet quantum corrections in a more direct 
fashion. In the same spirit we shall discuss the non-relativistic limit of the AFS-type 
scattering matrix proposed in |3] for the SL{2) sector and find that it coincides with 
the tree-level scattering matrix of classical string theory on AdS^ x S^. This lends 
strong support to the idea that the dressing phase relating the "gauge" and "string" 
Bethe ansatze is universal JU] for all sectors of the theory. 

This paper is organized as follows. 

In section 2 we shall first review the structure of the generalized LL action for the 
SU{2) sector, first in the 5*0(3) invariant form and then in the complex scalar form 
found by expanding near the vacuum state. We shall also discuss the definition of the 
theory on an infinite line (as required for computation of S-matrix), the role of 2d UV 
cutoff and its relation to the spin chain. In section 3 we shall illustrate how to compute 
the tree-level and 1-loop corrections to the 2-particle S-matrix for the generalized LL 
model containing the all-order kinetic term and few higher-derivative interaction terms. 
We shall follow mostly the same methods as used at the leading order in A in [F. 

In section 4 we shall start with the spin chain scattering phase in (II. 2j) and find its 
low-energy limit in which one keeps only the leading in momentum term at each order 
in expansion in A. We shall consider separately the BDS and AFS ansatze and in the 
latter case we emphasize the new features introduced by the presence of non-trivial 
corrections to the phase in (jl.2p . Then in section 5 we shall reconstruct the exact 
(all-order in A) quartic vertex in the generalized LL action and show that the resulting 
quantum field theory S-matrix matches exactly the low-energy limit of the BDS spin 
chain scattering phase. 

In section 6 we shall comment on a generalization to larger (compact) sectors con- 
taining SU{2) sector. In section 7 we shall discuss a relation between a non-relativistic 
LL type action reconstructed from the S-matrix of the AFS ansatz and string theory 
action on R x S^, on AdS^ x S^ and the fermionic action [53j obtained by trunca- 
tion of the full superstring action |22] to two fermionic fields corresponding to SU{1\1) 
sector. We shall show that the corresponding tree-level string S-matrices matches the 
low-energy, strong coupling limit of the AFS-type S-matrix in the SU{2),SL[2) and 
SU {1\1) sectors respectively. We shall also explain that a specific non-local structure 
of the quartic interaction term in the LL action has its origin in the elimination of 
the negative-energy modes when passing from a second-derivative to a non-relativistic 
first-derivative action. 

Section 8 will contain some concluding remarks. In Appendix A we shall present the 
results for the quartic interaction vertex in the LL actions corresponding to the SU{1\1) 
and SL{2) spin chain sectors described by the BDS-type Bethe ansatz. In Appendix B 



we shall give some details of the small momentum expansion of the leading quantum 
correction [121 HH] to the AFS phase. 

2 General structure of the effective 
Landau-Lifshitz type action 

The LL type action we will be interested in appears in the description the low-energy 
modes of the ferromagnetic SU{2) gauge theory spin chain. Its derivation from the 
spin chain Hamiltonian involves several steps [KIIIS3- First, the quantum-mechanical 
path integral is expressed in terms of spin coherent states parametrized by a unit 3- 
vector fia at each site a = 1, ..., J.^ The resulting (discrete) action contains a WZ-type 
(Berry phase) term [SH] linear in the time derivative of n^ and a Hamiltonian part 
X]a=i['^(^a+i ~ ''^aY + 0(A^)]. One then considers the large J region and takes the 
continuum limit by truncating away all but the low-energy spin wave excitations of 
the periodic chain; only the leading lowest- derivative terms are kept at each order in 
A. It turns out then that A combines with powers of J into an effective parameter 
A = -4 which manifests the existence (at least in the first few orders of expansion in 
A) of a scaling BMN-type limit. Furthermore, J then appears in front of the action, 
implying that for fixed A the large J limit is the same as the semiclassical limit, with 
1/J corrections playing the role of quantum corrections to the classical LL model. 

2.1 0(3) invariant n-field action 

The resulting action has the following structure {do = dt, di ^ d^^, ff = 1) 

dt — £, C = C{n)-don-nidin) , (2.1) 

JO 27r 

oo 

H = 7^2 + E ^2fc , n2k ~ {j,)Hd?n' + ■■■ + d^n"") , (2.2) 

fc=2 

where J is the total spin equal to the spin chain length L and C{n) is the same as 
a monopole potential on S"^, i.e. dC = e^^^niduj A drik. The general form of the 
"kinetic" part 7^2 can be found |3SIE] from the continuum limit of the coherent state 
expectation value of the leading spin-spin part of the gauge-theory dilatation operator 
OE] (assuming consistency with the BMN limit which is also implied in ()1.1|) . ()1.2|) ) 



\^ (Vi - 


- \dl - 


-l)n. 


^^^' 



H2= -n{^l-\dl-l)n, A = — . (2.3) 



■^n represents two "phase-space" variables of the "classical spin" U*(tU = n. On the string side n 
corresponds to the two transverse modes of a "fast" string on R x S^. 



The "two-loop" im, "three-loop" 

7^4 



and "four-loop" ^37, terms in Ti are 
l^a,\\d,nY , (2.4) 



7if5 



J_\3 
64 



A^ 



hi{dinY{dinY + h2{dindinY + 63 (^i^) 



(2.5) 



Tifi 



A^ 



ci(9fn)^ + C2(9in)'(9fr29fn) + c^{dindln){dinY + C4(9fn)'(9in 



+ c^{dinY{dinY + C6(aifrai'n)'(ain)' + C7(5in 



(2.6) 



The known coefficients consistent with the leading terms in the gauge theory dilatation 
operator [21 iH and thus with the BDS ansatz (i.e. (HUD with S = Si) are PHEEIEZI 



tti 



111 



3 

4 ' 



bi 



7 
'4 ' 



267 



C5 



cj 



h 23 



Cl — C2 + C3 + C4 



3 

4 ' 



59 



(2.7) 



(2i 



4096 ' 32768 ' 2048 

While the coefficients ai and 61 appear to be non-renormalized when going from small 
to large A region, the coefficients 62,^3 and at least C5 and cy are, in fact, functions 
of A [ini EHl- They have unequal values at A ^ and A — *> 00, i.e. they are found 
to be different from the BDS coefficients in ()2.7|) when one starts from the "string" 
AFS Bethe ansatz (which includes a non-trivial phase ^ in S* in (jl.l|) ). The "string" 
values that agree with the classical string theory predictions are [3TJ EHl Ejj 



bo = - 



25 



13 
16 



C5 



119 
4096 



Cl 



323 



32768 



(2.9) 



2.2 Complex scalar form of the action 



One may solve the constraint n^ = 1, i.e. n^ = ^/l — ngUg {s = 1,2) and express 
the action ()2.1|) in terms of the two independent "magnon" fields n^ whose fluctuations 
describe deviations from the ferromagnetic vacuum n = (0, 0, 1) representing the gauge- 
theory BPS state trZ'^ . As already mentioned, since J appears in front of the action 
(|2.1|) defined on a circle of radius 1 , the large J expansion for fixed A and fixed length 
of the string represents quantum loop expansion of the LL model. Keeping also the 
excitation number of a magnon state fixed, these 1/J quantum corrections to the 
energies of the LL states then match finite-size corrections computed directly from the 
Bethe ansatz glEniEn]- 

Our aim here will be to compute the magnon S-matrix from the LL model and to 
compare it to the spin chain scattering phase S in ()1.2j) . For this purpose a different 
limit is appropriate, in which the LL model is defined on an infinite line [S]. This 
can be accomplished by taking J ^ 00 while keeping the 't Hooft coupling A and the 
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magnon momenta fixed. ^ As follows from the structure of ()2.1|) . ()2.2j) . rescaling the 

spatial coordinate 

J 



/TT 



ae (0,27r) 



and making the field redefinition [HH] 



n.. 



2v/r^ 



Z Zg , 



= Zi+ iZ2 



(2.10) 



(2.11) 



we can rewrite the LL action ()2.1|) as a "first-order" action for a complex scalar 
"magnon" field (j) 



S 



dt / dx 





idt~ixl-\dl-l] 



- V^(0,0*) 



A 



A 



(2vr)^ 



(2.12) 



(2.13) 



Here V contains terms of all orders in powers of and its spatial derivatives and 
depends only on A and not on J: 



V = Vi + VQ + ... 



V2n - E ^'^; 



'''1\<P*<PT 



(2.14) 



fc=l 



The dependence on J is now only in the length of the spatial direction and thus J — >■ cx) 
corresponds to a theory on an infinite line (provided we also scale the quantum numbers 



irik of modes on a circle so that momenta pk 



2Txmi. 



stay fixed in the limit). 



Explicitly, the leading quartic interaction term V4 originating from the first three 
terms in 7i in ()2.3|) . ()2.4|) has the form (0' = dxCJ)) 



V, 



1 - Xdl 



2 IJ.I2 ^U|2/j,* A T^ A , „„\ , ^. \2|^/|4 



1 -Xdl </> + c.c.) + -aiY 



16 



2(26i + 62)10? |0"r + 62(0">'*' + c.c.) 



+ 0(A^) 



(2.15) 



or, expanded in A to "4-loop" order, 
A 



Va 



,*2 j/2 



+ C.C) 



X' 



P(0""0* + C.C.) + m\<P'y* + cc.) + 6|0'f 101' - 4ai|0f 



Y[^l0lW + c.c.) + ^|0r 



+ c.c.) + ^|0r 



+ 5i0n0"f - i(26i + 62)i0'n0'T - Ihirr' 



+ C.C.] 



+ c.c.) 



+ OCX'). (2.16) 



"* Similar limit was considered in [Jj and in connection with the antiferromagnetic state of spin chain 
PHlEnillll- Recently it was emphasized also in [23 El- 



The action ()2.12|) has manifest U{1) symmetry and "hidden" 0(3) symmetry (which 
was exphcit in (j2.1|) ). Since we expect this action to describe an integrable field theory, 
the quartic interaction term may effectively determine all higher order terms (modulo 
field redefinitions): the S-matrix should factorize and thus should be obtainable from 
bubble graphs with quartic interactions only, just as in the leading-order LL action 
case discussed in M. 



2.3 Infinite line limit and small momentum expansion 

In section 3 we shall first consider the tree-level 2-particle S-matrix for the action 
()2.12|l . ()2.1(ij) and then also compute the first few terms in its loop expansion. We shall 
find that the results for the choice of coefficients in ()2.7|) . ()2.8p match the low- momentum 
limit of the small A expansion of the BDS S-matrix in ()1.2|) . Then in section 4 we shall 
consider the opposite problem of reconstructing higher-order terms in ()2.15|) . ()2.16|) by 
starting with a low-momentum limit of the full BDS S-matrix. 

To prepare for this discussion, it is important to clarify the nature of limits we will 
be taking and also the role of the 2d field theory cutoff in this context. To consider 
the S-matrix, we should ignore the periodicity condition in the spatial coordinate and 
define the field theory on an infinite line. Formally, it may seem that this can be 
achieved by sending J in ()2.12|1 to infinity but this ignores the presence of a hidden 
UV scale in the problem. An indication of a need for a spatial scale can be seen, e.g, 
from the fact that x in ()2.12|) does not have the standard length dimension (A and J 
should be dimensionless) . 

Let us go back to the spin chain picture and consider the limit in which the number 
of sites J is sent to infinity while the periodicity condition is not imposed. In that case 
we get an infinite Id lattice whose spacing may be denoted as a. For a finite number 
of points J of a periodic chain of length L the step of the lattice is a = j. The limit 
we are interested in is when both L and J are sent to infinity with a kept finite. More 
precisely, it is the dimensionless product ap where p is a one-dimensional momentum 
(with canonical mass dimension) that should be kept finite. The momenta of magnons 
on a circle are pk = ^^j^ = ^^ and they remain finite provided n^ is also scaled to 
infinity together with J. 

Next, if we take a continuum limit a — > of the spin chain Hamiltonian on an infinite 
lattice (using that n^+a — n^ = an' + ^a^n" + ..., etc.) the result will differ from ()2.12j) 
by a rescaling x -^ a~^x. Then dx will be replaced by adx and there will be a factor of 
- in front of the action (coming from the integration measure). Higher derivative terms 
will be suppressed by higher powers of a; most of them can be ignored assuming that 
one keeps only the leading in a term at each order of expansion in A. Note that the 
presence of the UV cutoff factor - in front of the action is natural on power counting 
grounds: the standard loop expansion of the leading-order LL action contains linear 
UV divergences JS^JIIHI- One may choose to ignore all power divergences using, e.g.. 
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the zeta-function or dimensional regularization prescription as in [Hj.^ Then a will play 
the role of an effective coupling or an effective 2d Planck constant that counts loop 
order. 

If we ignore all power divergences then the field-theory S-matrix will involve only 
dimensionless products (aj9, ap') of the scale a and momenta. In the continuum limit, it 
is natural to expect that it will match the spin-chain S-matrix only in the region when 
momenta are small compared to the cutoff. Indeed, in the small momentum expansion 
both p and p' are small compared to the cutoff scale a~^, i.e. ap -^ 0, ap' -^ but 
their ratio p/p' is fixed. Taking this limit can be formally implemented by scaling a to 
zero while assuming that A(ap)^ is kept finite. This does not necessarily mean that A 
is taken to be large: this means only that one wants to keeps the leading in ap — > 
expansion term at each order in expansion in A, i.e. the limit of small ap is taken before 
the limit of small A. 

The momenta pi in the spin chain expressions p.2j) . ()1.3p are dimensionless, corre- 
sponding to the choice of a = 1, i.e. of unit step of the lattice. Then pi in (jl.Hj) 
should stand for api if we want pi to have canonical mass dimension. Taking a — > 
corresponds to uniformly scaling all momenta to zero, so that 

« = lcotfv'l + ^sin2f - (- + ...)\/l + ^[M' + -] (2-17) 

(JjfJ 

We shall discuss such an expansion of the spin-chain S-matrix p.2|l in section 4. 

Let us mention also the analogy of this limit of the spin chain S-matrix with the 
BMN-type scaling limit in the Bethe ansatz equations (jl.ll) . Suppose we take the large 
length L = J ^ 1 limit in ()1.1|) by rescaling at the same time the momenta so that 
the l.h.s part of (jl.lj) stays finite, Pk = ^, i-e. Pk will be finite in the limit. Then u{p) 
in (jl.3|) that enters the scattering phase (jl.2j) will become 



u = Ju + ..., u = -^l + j^p^ (2.18) 

and thus 

Q(' \ Q(' \ m(pO - u{j)) + iJ-^ 

Si{p,P) -^ Si{p,p) = -—- — -TT ■ 2.19 

u{p) — u[p) — iJ ^ 

There is then a direct analogy with the discussion above with the role of a played by 
J~^, assuming that we keep only the leading term in the J~^ expansion at each order in 
the small A expansion. This is formally the same as keeping A = -4- fixed while taking 
J to be large. Expanding Si{p',p) in powers of J^^ will be analogous to the small 



'"^Such a prescription that ignores all power divergences appears to be necessary in order to match 
the BDS S-matrix (see section 5). It is also consistent with the expected conformal invariance of 
the dual string theory, predictions of which we should eventually match by starting with a properly 
modified AFS ansatz. 



moinentum expansion or quantum loop expansion in the corresponding effective field 
theory. The Bethe ansatz equations (ll.lj) make sense of course only for the theory on a 
circle, implying that at leading order in J~^ one has 6*^*= = 1, i.e. pk = 27Tnk + 0{J^^).^ 

One may wonder if it is possible to extend the matching between the two-dimensional 
field theory S-matrix and the spin chain S-matrix by keeping all the higher-derivative 
terms in the kinetic term {fix+a — n^ = 2sinh^ Ux+sl) but still replacing the lattice 
sum by an infinite integral and nx{t) by a continuous field n{t,x) (with J assumed to 
be taken to infinity so that the theory is defined on an infinite line). In this case the 
kinetic term in (|2.3|) or in (j2.12p will be replaced by its "discreet" counterpart ^ 



idt - f ^1 - 4A sinh^ ^ - 1 j . (2.20) 

The corresponding dispersion relation is the same as for the spin-chain magnons: uj = 



1 -(- 4A sin^ ^ — 1. Moreover, the range of momenta is restricted to (— f , f ), so that 
the loop integrals should be automatically finite for a finite cutoff a. One may then try 
to fix the quartic interaction in the corresponding analog of ()2.12|) so that to match the 
spin chain S-matrix beyond the small a or low-momentum limit. We will not attempt 
to do this here. One conceptual issue is that if one does not use the small a expansion, 
it is not clear how to reinterpret the BDS S-matrix as a sum of bubble graphs in field 
theory, following the LL example of [B]. One possibility is that the resulting action 
may be considered as a quantum effective action, whose tree level S-matrix should then 
match the exact spin chain S-matrix in.^ 

3 Field theory S-matrix 

The quadratic part of the action ()2.12p resembles the action for the positive-energy part 
of a massive relativistic scalar field in two dimensions. Indeed, the classical solutions 
in the free-field limit are^ 



Ztt J y Ztt 



(j){x,t) = I -^ ap e-*'^^*+*P^ (j)*{x,t) = I -^ a; e*^^*-*^^ (3.1) 



^In |H] the logic was to start with the LL model on a line, derive the corresponding quantum 
S-matrix i/''Zi/^.-I j and then use it in the Bethe ansatz equations Hke Hl.l|) with e'^*^'^ in the l.h.s. 
The main observation was that the resulting Bethe ansatz is the same as the limit of the Heisenberg 
model Bethe ansatz in which the (dimensionlcss) momenta pj are taken to be small compared to 1. 
Indeed, the resulting solutions for low-energy modes found from the two Bethe ansatze are then the 
same in the large J limit (up to order 1/ J^ terms). 

^This interpretation may be useful in order make contact with string theory: presumably, such 
action may be derived by taking large J limit in the quantum string effective action for a string moving 
on S^ part of AdS^ x 5*^ , just like the classical LL model followed from the classical string action 
|30[I31| . We shall return to the discussion of related issues in section 7. 

^We are using a different normalization of creation operators than in [Hj and thus some subsequent 
formulae differ by factors of 27r. 
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where^ 

uJp = e(p) - 1 , e{p) = yr+V • (3.2) 

In the quantum theory [a^, a ,] = 5{p — p'). The interaction term V in ()2.12j) . however, 
depends only on spatial derivatives implying that the S-matrix is not expected to be 
relativistic-invariant. A possible approach to finding a similar action from string theory 
is to solve for half of modes at the classical level jHOl 1^ or effectively to integrate them 
out at the quantum level (see section 7). 

To compute the S-matrix corresponding to ()2.12|) we follow the same steps as in 
case of the leading-order LL action in Pj. The crucial simplifying point is that the 
propagator can be chosen as the retarded one, D{x,t) ~ 9(t), i.e. 

Diuj,p) = '-—-. (3.3) 

iu ~ ujp + %e 

This implies that the two-body S-matrix is a sum of bubble diagrams with V4 in 
()2.14|) as vertices. Let us consider the 2-body scattering process with the initial state 
\pp') = cbpCbpilO) (initial particles being 2 magnons with momenta p,p'), and the final 
state as \kk') = a^a|./ 10). The two-body scattering matrix is 

{kk'\S\pp') = (fcfc'|Te-*/'^*^^^*|pp') . (3.4) 

As usual, the translational invariance of the action implies momentum conservation, 
i.e. that {kk'\S\pp') is proportional to S^'^\k^ + k'^ — p^ — p'^). In two dimensions 
the energy and momentum conservation allow the two particles to only exchange their 
momenta, so that the energy-momentum conservation delta-function becomes 

5{ujp + ujp, -ujk -uJk')S{p + p' - k-k') = K{p,p') 6+{p,p',k,k') , (3.5) 

S^ ^ S{p - k)6{p' - k') + 5{p - k')6{p' - k) , K{p,p') = —^-j— . (3.6) 



dp dp' 



Using ()3.2p . we get 



A- 



p — p 
One finds that 



j.t i\ A ^e(p) e{p') 

K{p,p)= — ^^T ^-^ 3.7 

p e[p ) — p' e[p) 

- -X{p^ + p'^ + pp') + -\\py + pp'^ + 3pV' - / - P") + ^(A^) 
2 8 



{kk'\S\pp') = S{p',p)5+{p,p',k,k'), (3.8) 

where the "kinematic" factor K{p,p') is included into the 2-body S-matrix S{p',p). 



^If one rescales the time coordinate and thus uip by A then ujp — \J jP' + m? — m} ^ ni^ = 1/A. 
This normahzation corresponds to extracting one power of A from the spin chain energy, so that the 
Heisenberg model energy does not have an overall A factor. 
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3.1 Leading-order tree-level term 



Starting with the interaction term in ()2.15p . ()2.16|) and computing the leading-tree- level 
contribution of the quartic vertex we obtain the following expression 



-i{kk'\V4\pp') 




—I 



1 + A(p' - k'Y + VI + Kp' - kf + V 1 + Kp - k' 



+^1 + A(p -ky-]Jl + A/c'2 - VI + AP - VH- Ap'2 - VI + Ap2 
-2iai\^ppkk' (3.9) 



z - 



S^^'UU' 



— -Xpp kk 



{2b, + 62) (p + p'){k + k') - 262 (pp' + kk') 



+ 0(A^), 



where for generality we kept the exact form of the square root terms in (j2.15p . Ex- 
panding in A we get 



— i{kk'\Vi\pp') = iX{pp' + kk') -\ — — 



/ + p'^ + fc^ + k'^ - A{k + k'){p' + p") 



- 4(A;^ + k'-^){p + p) + 6{k^ + k'^){p^ + p'^) - IGa, kk'pp' 
+ xl ~ W^P'^ + '^^ + '^"^ + 5{p^+p'''){k^ + k'^) 



(3.10) 



+ 



2 

15 

T 



(k + k') {p^ + p"') + {p+ p') {^ + k'^) 
{e + k'^) (/ + p'^) + (/ + p'2) (fc^ + k") 



--(26i + 62) pp'kk'{p + p'){k + k') + &2 pp'kk'ipp' + kk') [ + O(A^) 

Taking into account the relations between p, p' and k, k' implied by momentum con- 
servation ()3.5|) . ()3.6|) we find the following contribution of the 4-point vertex 



-i{kk'\V4\pp') = 2iXpp' — iX^ 



// 2 I /2\ /'-' o \ 2 /2 

pp{p +p ) -(--2ai) p p 



+ -X^pp' 
4 



1 



3(p' +p") - ^(15 + 26i + 62) pp'{p^+p'^) + (10 - 26i + 62) pV' 



(3.11) 
+ 0{X') 



Multiplying this by the kinematic factor in the delta-function (j3.7|l we obtain the 
leading terms in the tree-level 2-particle S-matrix 



S{p\p) = l + Stree{p',p) + - , 



(3.12) 
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corresponding to the action ()2.12j) . ()2.15j) 

+ 0(P)| . (3.13) 



— -A pp 



;i7 + 26i + 62)(/ +p") + ^(-9 + 26i - b2)pp 



The comparison with the gauge Bethe ansatz allows one to fix the 2-loop coefficient ai 
and two of the three 3- loop coefficients - 6i and 62- Indeed, for the values in ()2.7|1 we 

Sit = ^^ + A^^ - x^ ^pW+p'\-PP') + OCX') , (3.14) 

p — p p — p' 4(p — p') 

and this is the same S-matrix that comes out of the expansion of Si in (jl.2p . (jl.3|) in 
small momenta pk = p', Pj = p at each order in expansion in A (see fj4.3|) below). We 
thus generalize the result of |8j that the leading "1-loop" term -^ in ()3.13p which is 
the tree-level S-matrix of the standard LL model is the same as the small momentum 
expansion of the phase shift Si ()1.2|1 of the Heisenberg spin chain model to the next 
two orders in small A expansion. 

In the case of the LL model that originates from string theory and matches the 
predictions of the "string" Bethe ansatz that includes the particular AFS [6J dressing 
phase 9 in ()1.2|) . the coefficients in the equation ()2.2p are given by ()2.9|) [31j .36J (i.e. 
Oi, bi are the same while 62 is smaller by 1) one finds instead 

Stl = ^ + A^^ - p ^PV;(^^+f") + o(P) . (3.15) 

p — p p — p' 8{p — p') 

As expected, the "gauge" ()3.14|) and "string" ()3.15|) S-matrices differ starting at 3-loop 
order. The expression ()3.15p follows indeed from the small A expansion of the phase 
shift factor of the AFS ansatz (see (|4.13p ). 

We have also repeated the above computation including the A^ terms in ()2.6|) and 
checked that the resulting S-matrix for the values of "4- loop" coefficients in ()2.8|) . ()2.9|) 
is again in agreement with with the next-order 0{X^) term in ()3.14|) in the small 
momentum expansion of the BDS and AFS S-matrices (jl.2j) . (jl.3|) given below in (j4.3j) 
and (jmni). 

3.2 1-loop correction: order A term 

Let us now consider the 1-loop correction to the above tree-level S-matrix ()3.13|) follow- 
ing the same steps as in the leading-order "1-loop" LL model case in [8j. One may try 
to compute subleading in small momentum expansion term at each order in small A ex- 
pansion. Here we shall consider the leading correction to the first two 0(A°) and O(A^) 
terms in ()3.13|) . While we will be expanding in A, it is useful to keep the A-dependent 
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corrections to propagator before expanding in A.^° At this order, the correction to the 
scattering matrix is (as mentioned before, kinematical constraints require that p = k 
OT p = k'; we consider exphcitly only the diagram with p = k, p' = k') 




)/2-q 



(p+^ 



(p+p')/2+q 

dudq 




i2ny 



D{E^ + q)D{E^-q) 



V{p,p'/-^ + q, 2 



p+p' 



q) 



(3.16) 



D{^ + q) = -, 



[ujp + UJpi) + UJ — UJ 



2\^P 



i{p+p')+q 
i 



+ ie 



(3.17) 



U;+|(p2+p'2)_|(p4+p/4) ^^ ^ 



+ qY + f{^ + qT + OC\')+ie 



V = iX 
+ ^r 



v^2 



' I Ap + p') 2 

PP H -, <? 



7 Q 91 ■ 

o 4 I o 2/ i\2 ' / 4 I /4\ "^ // 2 I /2\ ^-'-2 /2 

2g + 3g (p - p ) - -[p +p ) - -pp [p +p ) - —p P 



(3.18) 
+ 0(P) 



where cu is the energy of the virtual particle with momentum q and we used fl2.16|) with 
ai = |. The integral over uj is easily done, and expanding the propagator in A we find 
that the 0{\^) contribution to the scattering amplitude ()3.8|) is (ignoring 5+ factor) jH] 



\p-p'Y ' 



(3.19) 



Here we divided by a symmetry factor of 2 and included the leading ^^5+ term from 
the kinematic factor ()3.7|) . 

At the next order in A there are two contributions: 



(0 



^ /■ dq pp' + ^^ 
4 i 27r 



g^ 



9 



(p-pQ^ 



Q 21 

"^ // 2 , /2\ ^-'- 2 /2 
- -pp (p + P ) - — ^ ^ 



4 
-p^p ' 



2q^ + 3q'^{p-p' 



r\2 



-Xp^ + P 



/A\ 



and 



n 



A2 /■ dq (pp' + ^^ - q'f 



2vr (g2 



(p-p0^2 



■ 4 , /4 ^ P + P , x4 .P + P ^4 



(3.20) 



(3.21) 



^"This takes into account the diagrams with extra insertions of the 4-derivative term in the kinetic 
part of H2.12|l into the internal hnes. 
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Evaluating the two integrals ignoring the power divergences by using the dimensional 
regularization prescription / t/g g" = (a = 0, 1, 2...) as in 0, we obtain 

(^) ^ 4pPVV+P:!) ^^^^ ^ _^-^,p'p'\p'+p'' + PP') (3 22) 

p — p' p — p' 

Adding them together (while dividing by a symmetry factor of 2) and including the 
delta-function factor in ()3.7p we finally obtain the next to leading order term in the 
small momentum expansion of the 1-loop contribution to the S-matrix of the the gen- 
eralized LL model ()2.12|) . Adding this 1-loop correction to the tree-level expression 
flCTHl we get 

5tree+i-ioop(p, J>') = -2^^^ - 2A^^^ + OCX') . (3.23) 

This expression agrees with the next-order term in the expansion in momenta of the 
S-matrix in the BDS and AFS Bethe ansatze in ()4.3|1 and ()4.13|1 . 

Furthermore, we can follow jHj and consider higher-loop "bubble" graphs and show 
that their contributions form a geometric series as in the case of the leading order LL 
action. We shall postpone the details of this until section 5, where we will construct 
the all-order scattering matrix. 

4 Small momentum expansion of S-matrix of BDS 
and AFS Bethe ansatze 

Let us now determine explicitly the low-energy form of the spin chain S-matrix in ()1.2|) . 

4.1 BDS case 

Starting with the S-matrix of the BDS ansatz, i.e. with 5*1 in (|1.2j) . (|1.3|) 

Sbds{p,P) = ^^T ^^ : , 4.1 

u[p') — u[p) — I 

u(p) = 1 cot ^ ,/l + 4Asin2^ , A = -^ , (4.2) 

^■^^ 2 2 V 2 ' (27r)2 ' ^ ^ 

we may expand it in small momenta, and then also expand in A 

2ipp' py^ ip^p'^{p^ + 10pp' +p'^) , „. 4. 

Sbds{p,PJ = 1 + 7-2- -^ -^ + 0{p) 

p~p [p — pY byp — p y^ 

Ijp.pi'i 2p^p'^ ip'^p''^{p'^ + lQp'^p''^ + p'^) g 

p — pi (j) — p'Y Qi^p — p'Y 
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- A 



j^p2p>2^p2 _ pp/ _|_ p/2^ p3p 



,3^/3 



4(p - p') 2 

ip2p'2(^p6 _ ^p5p> ^ 12py2 _ 32pV3 ^ 12p2p/4 _ g^^/S ^ ^/G^ 



+ A^ 



16(p — p')^ 

lp'ipi'i(j)'i _ p3p/ _^ p2pl2 _ pp/3 _^ p/4^ 

8{p — p') 



(4.3) 
0(/ 



+ 0(p« 



+ 0(A^) . 



To compare with the S-matrix of the effective Landau-Lifshitz model (J2^,(I2!S1) with 
the dispersion relation ()3.2|1 we are to consider a particular resummation of part of 
the terms in the expansion ()4.3p . We shall first keep only the leading term in small 
momentum expansion at each order in A and then resum the series in A. That will 
determine the tree-level S-matrix of the corresponding LL model. We can then keep 
also certain subleading terms in small momentum expansion that will combine into the 
geometric series (as in the leading-order LL model case in |[H|). In this way we get 



2ipp' 



2^/2 



2py' 



>3bds -^ '3bds(P,P) = H rT\ T^T ~ T rT\ , / mq + 



p e{p') — p' e{p) [p e{p') — p' e{p)]' 



(4.4) 



2ipp' 



e(p) = Vl + V 
represents all leading terms in p at each order in A. 



where . ,^ , , . 

pe{p')-p'e{p) 

The reason for this particular structure can be understood by noting that taking p 

small and keeping only the leading in p term in the expansion of the A sin^ | term in 

u{p) in ()4.ip gives 

1 



'BDS 



u{p) 

u{j)') — u{p) + i 
u(j/) — u{p) — i 



p 



1 + Ap2 



^1 



BDS 



1 + 
1 



ipp 



pe(p')-p'e{p) 



ipp' 



(4.5) 



(4.6) 



pe(p')-p'e(p) 

Then fl4.4|) follows upon expansion in small momenta with e{p) kept fixed. This limit 
is thus formally equivalent to taking p —>■ while keeping Ap^ fixed. As was mentioned 
in section 2.3 this limit is reminiscent of the BMN-type scaling limit with small p 
expansion corresponding to 1/J expansion (note that the structure of the LL action 
()2.1|) is indeed consistent with this scaling limit). 

While the first two terms ()4.4|) in the small momentum expansion of S'bds f)4.6p at 
fixed e{p) are the same as in 5*603) the higher order terms are different. This is clear 
already at the leading order in A, i.e. at the level of the Heisenberg model vs the 
standard LL model. We have from ()4.6|) leads to 



^BDS(A^O) 



1 + 



ipp 

p-p' 



,3„/3 



ipp' 
p-p' 



1 + 



2ipp' 2p^p'^ 2ip'^p' 

p — p' {p — p'y {p ~ p'Y 



+ 0(/) 



(4.7) 
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where the order p^ term is different from the similar one in the first hne of ()4.3|) by 
ip^p'"^ ijp' + IQpp' + p'"^) 2ip^p'^ ip'^p''^ 



Q{j) — p'Y {p — p'Y 6{p — p') 



{U 



This difference has its origin in the small momentum limit, which replaces | cot | with 
- on the effective field theory side. Interestingly, after extracting the kinematic factor 

(|3.7p proportional to -^ this difference is represented by a local vertex which may thus 
be interpreted as a contribution of a local counterterm one may add to the leading-order 
LL action. ^^ 



4.2 AFS case 

In the case of the "string" Bethe ansatz of AFS the scattering matrix ()1.2|) contains 
a particular dressing phase: 



'S'aFS = 5'bDS e'^^'''^ , ^IafS = 2 XI T (lr+l{p)qr{p) - qr+l{p)qr{p) 



r=2 

where 



(4.9) 



2sin((r-l)|)/v/l + 4Asin"f-l 



qr{p) = " , ^^M - r-V — (4-10) 



A sin 



2 

To match quantum string theory results, the phase in ()1.2|) must receive modifications 
at subleading orders in strong coupling expansion [T5] . 

The general expression for the phase is given by a double sum of the charges g^ 
(TTJ Uni HO] with coefficients having a nontrivial [13 CHI 1201 HI] dependence on A: 



_ r-\-s— 1 
OO OO / \ \ 2 

9{p',p; X) = 2Y: E c...(A) - qs{p)qr{p') - qs{p')qr{p) 

r=2s=r+l \^ / 



(4.11) 



Here 

Crs{X) = Ss,r+1 + —f^ars + , r=^ Ks + ■■■ , (4-12) 

VA (vA)2 

and ars = ^t^zy^tztjiw for r + s =odd and zero otherwise |l9j. The relation between 
the general Bethe ansatz ()1.1|) with the phase ()4.11|1 and the AFS ansatz should be 
understood as a statement that the coefficients Crs at large A reduce to Ss^r+i-^"^ 

^^One choice for such counterterm is n'^, which wiU have one less power of A compared to the 
2-loop term in (|2.4|l . A more natural alternative would be the term n"^ coming out of subleading 
term in expansion of sinh term in H2.20|l . Strangely, the required coefhcient of such counterterm (5/6) 
happens to be different from the one following from (|2.20|) . 

^^To say that AFS ansatz is a strong coupling limit of the general string ansatz is not precise as A 
enters not only in Crs but also in the expressions for Uj and qr- 
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Let us first ignore the subleading terms in ()4.12|) and consider small momentum 
expansion of the AFS S-matrix (|4.9p in the same way as we did above in the BDS case. 
Expanding in small momenta and then in A we obtain 



Safs{p',p) 



1 + 



2ipp' 2pV^ ip'^p''^{jP + IQpp' + p 



/2^ 



+ A 

- A^ 

+ P 

+ A^ 



p — p 

^p2p/2 



{p — p'Y Q{p — p'Y 

2p3p/3 j^p2pl2^p4 _|_ lQp'ip'2 _|_ p/4- 



p — pi (j) — piy 
lp'2pi2 ^p2 _|_ pl2 -J p3pl3 

8(p — p') 

j^p2p/2^pA _^p'4) 



16 (p — p') 
7ipV^(p^ +P'^ 
256{p - p') 



4 
^ + 0{p 



6(p — p')'^ 
+ 0(/) 



+ 0(/) 



A^ 



12\ 



5 ip^p'^ (p^ + p 
128{p-p') 



/e\ 



+ Oip'') 



(4.13) 



This expression is different from the expansion in ()4.3p starting with the 3-loop A^ 
terms. 

As in the BDS case, we may collect all the leading-order terms in small momentum 
at each order in A, and then sum up the expansion in A. The result may be again 
interpreted as a tree-level S-matrix of an effective field theory. 

Given that the "string" Bethe ansatz was constructed by starting with the strong- 
coupling region, here it may be more appropriate to view this low-energy limit as^^ 







Xp^ = fixed 



(4.14) 



p 

i.e. as p — i> with A ~ p^^ -^ oo. Since A is then effectively taken to be large this 
suggests that in this limit quantum string 4= corrections to the phase in ()4.12|) may be 
ignored. Indeed, as we shall find in section 7.2, this low-energy, strong coupling limit 
of the AFS S-matrix is in perfect agreement with the classical S-matrix of the LL type 
model originating in a "non-relativistic" limit from the string sigma model on R x S^ . 
Taking the limit p -^ with Ap^=fixed in (jOjl - ljIHH) as in (jOjl . p^ we get 



^AFS 

Thus 



Qrip) -^ P 

Oafs = { pHp) - 1] - pW) 



e(p)_-l " 
f^P \ 

oo 
r=2 



r-1 



e 



AFS 



P'[e{p)-l]-p[e{p')-l]) 



[e(p)-l][e(pO-l ]V-i 
Xpp' 

e{p)-l][e{p')-l] 



J Xpp' — [e(p) — l][e{p') 



(4.15) 
(4.16) 

(4.17) 
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Here p stands, of course, for both p and p' . 



so that 

^AFS ^ ^AFS = ^BDS e''^^^ , (4.18) 



1 + 



tpp 



JAFS[P,P) - ipp, exp 



pe{p')-p'e{p) 



Xp'[eip) - l]-p[eip') - 1]Mp) - IMp') - 1] 



Xpp' — [e{p) — l][e(p') — 1] 

(4.19) 

Note that like , ,!^ ,, . in (j4.6|) the phase 6'afs scales hnearly with momentum (at 
fixed Xp"^) so that the leading term in the small momentum expansion is then 

^AFS = l + (^AFs)tree + - , (4.20) 

(^AFs)tree = 2^^ , Kp'Hp) ' I] ' PW) ' 1]Mp) - iMp') - 1] ^ 

pe{p') — p'e{p) Xpp' — [e{p) — l][e(p') — 1] 

The expansion of (5'AFs)tree in powers of A then reproduces all the leading in small 
momentum terms at each order in A in ()4.13|) . An equivalent form of ()4.2H) is 

(OAFSjtree - T^T , / x , l^.^^j 

P ^\Pj " P ^{P) 

where 
F{p,p') = pp +-[p e{p') -p e{p)] 9afs (4.23) 

= X-'(xpp' - [eip) - IMp') - 1]) [1 + ^{Xpp' - [e{p) - l][e{p') - 1]) 

By analogy with the BDS case one could expect that the expression in (|4.19|) may be 
possible to put into a "ratio" form similar to (j4.6p . i.e. that the subleading terms in 
fj4.2U|) should form geometric series 



1 + 



iFiP,p') 



S = P<P'J-P'<P') . (4.24) 

]^ _ iF{p<P') ^ ' 

pe(p')-p'e(p) 

This, however, does not follow from ()4.19|) . Moreover, the expression in ()4.19|) or in 
fl4.20|) cannot be trusted beyond the leading term (S'AFs)tree which scales as first power 
of momentum. 

The reason is that the corrections to the phase ()4.1ip . ()4.12p which we ignored produce 
extra terms in the exponent in ()4.19|) that scale as quadratic and higher power of 
momenta. Indeed, in our low energy limit ()4.14p g^ in ()4.15|) scales as p"^ and so the 
leading (AFS) term in the phase (j4. lip . (14.121) scales linearly with p. The subleading 
terms ignored in the AFS approximation (j4.19|) then scale as higher powers p'^,p^, ... 
and thus potentially contribute to the terms indicated by ellipsis in fj4.20|) . 

It could happen that for a special choice of the coefficients in ()4.12|1 we could in- 
deed end up with (I4.24|l . It is possible to test this conjecture at the level of the first 
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subleading term in ()4.24j) using the explicit value of the coefficients a^s in ()4.12j) . One 
finds (see Appendix B) that the coefficient of the corresponding order p^ correction to 
the phase depends on odd powers of our fixed parameter V^ p, 

5^AFS = -^>?'Vp'\p - P') + ... (4.25) 

i.e. it explicitly involves vA, while F in ()4.23|) contains only integer powers of A. 
This non-analyticity resulting from the first quantum correction to the phase has of 
course the same origin as the one found in jTHi Ej . It implies that the first subleading 
correction in (j4.2(jp may not agree with the conjecture (j4.24j) .-^^ Thinking of the LL 
action as a low-energy approximation to an effective quantum 2d string action (which 
contains string a' ~ 4^ corrections) one may be able to reproduce ()4.25|) and similar 
corrections starting with ()2.12jl . ()2.16jl where 62 and other higher coefficients in ()2.2jl 
are actually functions of A, 

&2(A)=62. + ^ + ..., (4.26) 

interpolating between the weak coupling ()2.7|1 and strong-coupling (62^ = ~^) (j^.^^P 
values dSlEni (cf. dSUl). 

The expression for (S'AFs)trcc ()4.2H) is more complicated than the corresponding one 
for (5^BDs)trce f)4.6p . For that reason in the next section we shall use the BDS case 
to illustrate how to reconstruct a LL type field theory model that reproduces such an 
S-matrix. We shall return to the AFS case in section 7.2 where we will show that ()4.22j) 
is precisely the S-matrix corresponding to the 4-point vertex in the "non-relativistic" 
limit of the classical string theory on i? x S^. 



5 All-order Landau-Lifshitz type action 
corresponding to BDS S-matrix 

We have seen that the generalized LL action ()2.H) - ()2.6|) defined on an infinite line 
leads to the S-matrix which is the same as the leading terms in the small momentum 
expansion of the magnon S-matrix that enters the gauge-theory BDS or "string" AFS 
Bethe ansatze. The matching depends on the proper choice of the coefficients of the 
interaction terms in the LL action: with the "gauge theory" choice ()2.7j) . ()2.8|1 we 
found that equations ()3.14|) . ()3.23|) match the respective terms in ()4.3p . while for the 
"string theory" choice ()2.9p we found that the "3-loop" term in ()3.15|) matches the 

^"^It appears, however, that a more definitive statement requires knowing all higher order corrections. 
While the particular vA dependence of the first correction to 9 leads to vA-dependent corrections to 
(|4.19(l . a resummation of the full series may change this dependence. 
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corresponding term in ()4.13p . Equivalently, matching onto BDS or AFS S-matrix 
could be used to fix (part of) the coefficients (ai, 61, 62, C5, C7, ...) in the LL action. 

We may then turn the problem around, i.e. follow the standard field theory logic and 
try to reconstruct the low-energy effective field theory which will be consistent with 
a particular small-momentum limit ()4.4|1 . (14.611 of the BDS S-matrix to all orders in 
expansion in A. The same can be done also in the AFS case and thus may be important 
for understanding of how a similar S-matrix may be originating from quantum string 
theory. 

The low-energy limit ^bos f!4.6|) of the BDS S-matrix implies the dispersion relation 
(|3.2p . so that we shall assume that the effective action corresponding to S'bds has the 
structure ()2.12|) . where the interaction part V is to be determined. 

Quite generally, a 2-body S-matrix fixes the on-shell value of the quartic vertex in V. 
The assumption that this field theory is integrable (implying factorization of the multi- 
particle S-matrix) determines the on-shell values of the interaction terms with higher 
number of fields in terms of the quartic one.^^ Some of the relations constraining them 
stem also from the S0{3) symmetry of the n-field LL action which is spontaneously 
broken to U{1) symmetry of the action constructed from the on-shell vertex for the 
magnon fields 0, 0*. 

The above discussion suggests that the leading non-trivial term in ()4.4|) 

P ^{P ) ~ P ^\P) 

or in S'bds iii f)4.6|) may be interpreted as a tree-level field-theory S-matrix. A nontrivial 
consistency check that S'bds can indeed be interpreted as a quantum S-matrix of an 
interacting field theory of LL type is that higher powers of , ,y^ ,, ^ (coming from the 

expansion of S'bds in f!4.6|) in powers of momenta with e{p) kept fixed) are the same as 
loop corrections to the S-matrix of a two-dimensional field theory with the interaction 
vertex determined from ()5.H) . More precisely, these higher order terms should represent 
the contributions of bubble graphs with several insertions of this quartic vertex. 

This is what we are going to show below, thus generalizing the relation |8j between 
the low-momentum (or "continuum" ) limit of the Heisenberg chain S-matrix and the 
S-matrix of the quantum LL model to the BDS case, i.e. to all orders in A. As a result, 
we will find an effective two-dimensional field theory behind the low-energy limit of 
the BDS S-matrix. 

5.1 Tree-level 4-point interaction vertex 

Dividing ()5.1|) by the exact kinematic factor coming from the momentum conserva- 
tion delta function ()3.7|) we conclude that, up to the use of momentum conservation 

^^In particular, that means that the value of the coefficient 63 in 1)2. 5|l is fixed by the values of &i,&2, 
and similar relations should hold at higher orders in derivative expansion. 
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constraints, the exact on-shell four-point vertex should be given by 

2pp' 



V, 



on— ^shcU 



ij>,v) =«A 



e{p) e{p') ' 



(5.2) 



Here the leading term in the expansion in A is indeed consistent with fl3.11|) . More 
precisely, the quartic term in the effective action ()2.12j) written in momentum repre- 
sentation with the four fields put on-shell has the form 



dpdp'dkdk' V{p,p';k,k') K{p,p')6+{p,p',k,k') apapia\a*j^, 



(5.3) 



where a^ is the Fourier transform of the on-shell field (jH.lj) . The vertex V{p,p'\ k, k') 
should be symmetric under the interchanges p ^^ p', k ^^ k', and also under {p,p') ^^ 
{k, k') to ensure the reality of the above expression. To extend the vertex off shell we 
shall assume that the action has the same structure as at lowest orders ()2.15|) . ()2.16|) . 
i.e. the interaction terms should involve only spatial derivatives. There are many 
possible off-shell extensions of (|5.2p consistent with symmetries of (j5.3|) : they will lead 
to actions differing only by field redefinitions. The simplest possible choice for the 
off-shell vertex is a {p,p') ^^ {k, k') symmetrization of ()5.2p : 



V{p,p']k,k') 



Expanding this in A we obtain 



iXpp' 



+ 



iXkk' 



e{p) e{p') e{k) e{k' 



(5.4) 



V = i\{pp' + kk') - ^A' pp'ip" + p'^) + kk'ik'' + fc'2^ 



+ 0(P 



(5.5) 



The A^ term here appears to be different from the one in ()3.1U|) . though the two agree 
on-shell (i.e. the A^ terms in ()3.11|) and in ()5.2j) are the same). As we shall explain 
below, this is a reflection of a different choice of an off-shell extension. 

In coordinate space ()5.4|) corresponds to the following term in the Lagrangian in 



V, 



s^ 



Idl 



+ c.c. 



(5.6) 



Again, the order A^ term in the expansion of ()5.6p is different from its counterpart in 
(I2.16|) . It may seem puzzling how the two actions can be related by a field redefinition 
given that the interaction terms do not involve time derivative while the kinetic term 
does. The way how it works happens to be a peculiarity of first-order two-dimensional 
field theories. Consider a field redefinition — !► + 50 with 



_ A(0"*0^ + 200'0'* + 0*0'^) 



(5.7) 
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This produces the following leading-order change in the Lagrangian in ()2.12|) 

5C = -z(0 - -X(j)")*S(j) + c.c. + 0(0^) . (5.8) 

The key observation is that the time-derivative term drops out since it can be written 
(using integration by parts) as a total derivative: 

- z0*50 + C.C. = ^|(0'^0*^ - 0^0'*^) • (5.9) 

The remaining term |0"*(50 + c.c. gives an extra A^ contribution to the 4-vertex which 
is precisely the difference between (15 .6^ and (j2.16p . As expected, (15 .81) and thus this 
remaining spatial derivative term vanishes on-shell, i.e. the two actions give the same 
tree-level S-matrix. 

One may wonder which is an S'0(3) invariant action ()2.1|) for the unit vector n which 
leads to the action ()2.12|1 with the vertex given in ()5.(jj) . As follows from ()2.15|1 . ()H.9|1 . 
the natural quadratic in n term (j2.3p in (J2.H) produces a non-trivial contribution to 
the 4-point amplitude that should be subtracted from ()5.4|) in order to determine the 
contribution that comes solely from the "interaction" n^ terms in this action. The 
resulting "interaction" vertex is then: 

iXpp' iXkk' 

e{p) e{p') ^ e{k) e{k') ^^'^^^ 



+ 



e{p' - k') + e{p' -k)+ e{p - k') + e{p - k) - e{p) - e{p') - e{k) - e{k') 



It is not immediately clear how to write down explicitly the all-order n^ term which is 
consistent with such a vertex and also generalize the known terms in (I2.4j) . ()2.(ij) : one 
may need to use some field redefinitions to simplify it. 

As already mentioned, the off-shell form ()5.6|) of the interaction vertex ()5.4|) is ob- 
viously not unique: in section 7.2 we shall present an alternative to ()5.6p in which 
non-local factors are distributed symmetrically between the 4 fields in the vertex and 
which will be related to a simple scalar action with 2-derivative kinetic term whose 
non-relativistic limit is BDS LL model. 



5.2 Loop corrections to field-theory S-matrix 

Let us now consider quantum corrections to the 2-particle S-matrix using the vertex 
()5.4|) and the same LL-model propagator as in ()2.12|) . ()3.3p . i.e. D{u,p) = ^_, ^ i_^^^ - 



Let us start with the 1-loop contribution, i.e. ()3.1f)|l now with the vertex (cf. ()3.18|1 ^ 
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The energy (a;) integral in the one-loop graph receives contribution from a single pole; 
it yields 

' J 2n e{p) + e{p')-e{^f + q)-e{^f-q)+ie ^' ' 

Note that at large q the vertex U{q) approaches a constant value while the denominator 
in ()5.12j) scales as yXq (the propagator of 1-st order theory scales linearly with inverse 
momentum) implying the absence of power divergences but a potential presence of a 
logarithmic divergence (this is the same behaviour as, e.g. in the Thirring model). 
Indeed, expanding the integrand at large q we get^^ 






(5.13) 



This discussion was under an implicit assumption that A was kept finite while one 
integrated over the momentum. If instead we first expand the integrand in A and then 
do the integration over q separately at each order in A we get power divergences but no 
logarithmic divergences. Similar result was previously found in jSHl in the discussion 
of quantum corrections coming from quadratic in fluctuations terms in the generalized 
LL model ()2.H) . ()2.3|) . To match the BDS S-matrix (which is essentially perturbative 
in A) we need to adopt this second prescription and also to drop all power divergences 
(using, e.g., the dimensional regularization as in [S] as we already did at low order in A 
in (|3.16|) ). Equivalently, that means that we should omit this "unphysical" logarithmic 
divergence of the integral in (|5.12|) , (j5.13|) . 

To evaluate the finite part of the integral we note that, interestingly, the denominator 
of the integrand in (|5.12|) has two zeroes, regardless the value of the coupling constant 
A, at 

q^ = \{p-p'f ■ (5.14) 

They correspond to simple poles. Only one of them contributes to the evaluation of 
the integral, independently of the choice of a contour. The residue at the relevant pole 
yields 



V. p-j^y2 Ae(p) e{p') 
^ p e{p') — p' e{p) 



h pole = [^(P,P'; '-^)Y ^ ^,jr J ..^^ ' (5-15) 

where from ()5.11|) . ()5.2|) we get 



f/(p,p'; 1^) = f^'^^' = Von-shell(p,p') . (5.16) 

e[p) e[p ) 



^^ Somewhat surprisingly, the coefficient of the logarithmic divergence happens to have a non-analytic 
dependence on A (cf. p^). 
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In addition to the contribution of the residue at the pole at finite distance, there is 
also a contribution from the contour at infinity in the complex q plane. To evaluate 
it let us set g = i? e""^ and pull out a factor of ^, while expanding the rest of the 
expression in large R. We obtain then for the contour integral 



'^ dijj 



Re'^ 



27r Vl + A i?2 e2i^ 



Xpp' 



e{p) e{p') 



0{ 



R 



(5.17) 



'/W' 



The 0{^-^) terms contain convergent integrals, so that after taking the R 



oo 



limit they vanish. The remaining term which should be formally added to the pole 
contribution in (j5.15p gives the logarithmically divergent contribution, i.e. 



h = [Uip,p';^^)f 



+ 



I 



Xpp' 



A ^e{p) e{p') 
p e{p') - p' e{p) ' 271^1 Ve(p)e(p' 



log(2i?\/A) (5.18) 



As we have already discussed above, this logarithmic divergence, i.e. the contribution 
of the contour integral, should be omitted assuming that the BDS S-matrix and thus 
the corresponding LL model should be understood perturbatively in A. 

Dividing by the symmetry factor 2, and multiplying by the kinematic factor in ()3.7p 
we thus find the following 1-loop contribution to the 2-particle field-theory S-matrix 



2 p e{p') — p' e{p) 



2^/2 



2p^p 



[p e{p') - p' e{p)Y 



(5.19) 



This matches exactly the second term in ()4.4|1 . i.e. the term in the small momentum 
expansion of Sbbs in (j4.(ij] . 

One can extend this computation to higher loop bubble graphs (Figure 1) as in [H]. 
Omitting again logarithmic divergences (or all power divergences if one first expands in 





Figure 1: 



A as discussed above) we finish with the following n-loop contribution to the 2-particle 
scattering 



(/n)fi„ = [f/(p,p';^)r' 



'■ P-P'\]n+1 



A ^e(p) e{p') 



p e{p') — p' e{p) 



(5.20) 



Dividing by the symmetry factor 2" and multiplying by the kinematic factor from (j3.7j) 
we finish with the following generalization of ()5.19|) 



J_ A-^e(p) e{p') 

2"^ "^''" p e{p') - p' e{p) 



ipp 



p e{p') — p' e{p) 



n+l 



(5.21) 
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Summing up all these bubble diagram contributions gives (as at leading order in A 0) 
a simple geometric series and thus we finish with the following field-theory S-matrix 

Sll{p,p) = —-T^ — n—\ — ~^ ■ ^-22 

pe[p ) — p e[p) — ipp' 

This is indeed exactly the same as the low-energy limit of the BDS S-matrix, i.e. S'bds 
in ()4.6p . It may be viewed as a generalization to all orders in A of the the standard 
("one- loop") Landau-Lifshitz model S-matrix obtained in [S]. 

It is worth stressing that it was not a priori clear that the result of this calculation 
should yield (the low-energy limit of) the BDS S-matrix. This conclusion rests on a 
number of details, in particular, on the structure of the quadratic term as well as of the 
quartic vertex in the LL action, making the agreement nontrivial. In the Appendix A 
we shall generalize the construction of the quartic vertex in the BDS-related LL action 
to the SU {1\1) and SL{2) sectors. 

The above discussion may be repeated also in the AFS case by starting with the 
4-vertex consistent with ()4.22|) which we shall explicitly determine in section 7.2. Loop 
corrections to the S-matrix of such LL model produce again a geometric series com- 
bining into (j4.24j) .-^'^ However, the expression (j4.24p does not naturally follow from the 
AFS S-matrix (j4.19p (see comments at the end of section 4); the important issue of the 
relation between the low-energy limit of the exact string S-matrix and the quantum 
S-matrix ()4.24|) of the LL model with tree-level AFS vertex remains to be clarified. 

6 Comments on larger sectors 

In the previous sections we have constructed a field theory whose loop expansion re- 
produces the BDS S-matrix. A natural question is whether a similar field theory exists 
for larger sectors. Here we shall make few comments on the case of sectors including 
the SU{2) sector. 

6.1 S-matrix of Landau-Lifshitz model for the SU{1\2) sector 

Let us consider, for example, the SU{1\2) sector (containing gauge theory operators 
built out of 2 chiral scalars and 1 component of gaugino jUj) where the leading-order 
LL Lagrangian is given by [1311^1 (cf. (EHI), (ESI)) 



c = -tu:doU,~trDoi^-^ 



(6.1) 



Z, L 

""^^Since the vertex corresponding to (|4.22|) scales with momentum in the same way as in the BDS case 
here again we shall get a formal logarithmic divergence of 1-loop integral which should be discarded in 
the LL framework. Similar divergences should be automatically cancelling only in the full superstring 
calculation where both positive and negative-energy modes will be propagating in loops and also 
contributions of other bosons and fermions will be included. 
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where D„ 



C'n iLjn. (-^a 



-iWdaUi and 



|f/,|2 + |f/2|2 = 1. 



Expanding near the 

vacuum configuration f/i = 1, f/2 = (i.e. n = (0,0, 1) for n = U*aU) and ip = Q 
and rescahng the spatial coordinate by J as in (j2.10|) we obtain the following action to 
quartic order in the fiuctuation fields and if) which generalizes ()2.12|) to the presence 
of a complex fermion field: 



S 



V, = - 



dt / dx 



m + fxdi: 



<p-r {^dt - \\di) ^ - 14(0, 0*, v-, r) 



(6.2) 



1*2 1I12 



0"' + C.C.)-27/'>|0'|'+[(0'0*-00'*)^*> + C.C.] 



+ -(00*-00*)7A*^. (6.3) 



Here we followed the previously used notation for 0, 0* in ()2.1H1 and the notation for 
the fermions in [1^11121; to make the signs in the respective kinetic terms in ()6.2j) the 
same it is sufficient to interchange with 0* or -0 with ip. 

The time derivative dependent interaction term in ()6.3p can be converted into a 
spatial derivative one by a field redefinition. More precisely, following the logic outlined 
in equation (j5.8j) combined with the transformation 0^0+ |0'0'0 replaces the time 
derivatives in ()6.3p with spatial derivatives. The resulting V4 can be simplified to: 



Vi^A 



1*2 iii2 



0"' + c.c.) + 2(V^*V^'00'* + c.c.) 



The solutions to the free fermion equations of motion may be chosen as 

dp 



rix.t) 



^ 






ij{x,t) 



" h* iujpt—ipx 

2^ ^ 



(6.4) 



(6.5) 



with Up being the same as in ()3.2|) and {6p, 6*/} = 6{p — p') (this choice assures the 
positivity of energy). Then the fermionic propagator is the same as the bosonic one 
(Q. ^^ 

In addition to the bosonic vertex ()2.16|) that we had in the SU{2) sector, now we 
have also a 2 boson-2 fermion vertex shown in Figure Efa), where the dashed line 
denotes the fermion. Suppose we are interested in the bosonic sector of the S-matrix 
where the in and out particles are bosons as in the SU{2) case. The tree-level scat- 
tering matrix is then the same as in the SU{2) sector, while at 1-loop level we could 
get an additional contribution from the fermionic loop in Figure Efb). However, this 
contribution vanishes since, like the bosonic propagator, the fermionic propagator is 
also retarded (see also jH]). This argument extends also to higher loop contributions. 

We conclude that the bosonic sector of the S-matrix of the SU {1\2) LL model is 
exactly the same as that of the SU{2) LL model. This appears to be in agreement 
with the structure of the corresponding Bethe ansatz S-matrix. 



""^^As already mentioned, an alternative way to make the analogy with the free bosonic theory 
manifest is to switch tp* ^^ i/;. 
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\ (p+p' )/2+q / 

>c: ( 

/ (p+p')/2-q \ 
(a) (b) 

Figure 2: (a) Elastic scattering of a bosonic and fermionic magnon; (b) potential 
fermionic correction to the scattering of bosonic magnons 

6.2 Absence of mixing of magnon S-matrices 

The decoupling observed in the previous subsection for the all-loop scattering of bosons 
and fermions is not restricted to the SU{1\2) sector. It is possible to see that in the 
context of the LL-type models, all larger sectors containing SU{2) have the same 
property: the quantum LL S-matrix with external states from the SU{2) sector is 
simply that of the quantum SU{2) LL model. 

There are two essential ingredients which lead to this type of decoupling. 

First, the scattering of magnons is flavor-diagonal. In the case of either the "gauge" 
or "string" Bethe Ansatz the magnons are associated to simple roots of PSU{2, 2|4) and 
scatter following its Dynkin diagram |5., . As a consequence, a field theory realising the 
magnon scattering should have a very particular form of the four-field interaction terms. 
Since the magnons are associated to the nodes of the Dynkin diagram, we may assign 
to them abelian conserved charges. Each term in the magnon Lagrangian is neutral 
with respect to these charges; thus each term must contain an equal number of magnon 
fields and their complex conjugates (in particular, cubic vertices are prohibited). 

Second, the magnons around the ferromagnetic ground state of any spin chain are 
nonrelativistic. Therefore, it is always possible to choose the vacuum of the field theory 
describing them in such a way that it is annihilated by holomorphic fields. Hence all 
propagators are retarded: {(j)*{t,x)(f)(t',y))\t'<:t = 0. 

It follows then that at the tree-level there is no term in the effective field the- 
ory Lagrangian which corresponds to annihilation of some type of magnon and pair- 
production of a different kind of magnon. Instead, all terms describe elastic scattering 
(as in Figure m^a), showing the scattering of a boson and a fermion). Also, loop con- 
tributions containing different sorts of magnons than those on external legs vanish. 
The conclusion is that magnon scattering in each unit rank sector does not receive 
corrections from other sectors. 

It is worth mentioning that if the magnons were charged under more than one Cartan 
generator, then cubic vertices would be allowed in the effective field theory action, and, 
in spite of the propagators being retarded, there could exist, e.g., a nontrivial fermion 
contribution to the scattering of bosons. 
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This pattern is obviously different from wliat is found in analogous string-theory 
second-derivative sigma model computations, where loop diagrams involving all states 
provide non-trivial contributions to diagrams with external states from the SU{2) sec- 
tor (and, in fact, to all unit-rank sectors). These contributions are crucial, in particular, 
for the cancellation of 2d UV divergences and presumably for obtaining the complete 
dressing phase 9. 

7 The relation to string theory 

Our motivation for reconstructing the field theory whose scattering matrix reproduces 
the asymptotic S-matrix of the spin chain (jl.ll) is the expected close relation of this 
S-matrix with string theory in AdS^ x S^ . The field theory action we discussed above 
is a Landau-Lifshitz-type non-relativistic action which is first order in time derivative. 
At the same time, the AdS^ x S^ string action expanded near the point-like string 
moving along the S^ geodesic has a two-dimensional relativistically-invariant kinetic 
term |^ |23] and the interaction terms which are not relativistically invariant [301 1^ 

unrng. 

To relate such a second-order action for "BMN magnons" to first-order LL type 
action ()2.12j) for "spin-chain magnons" it is necessary to eliminate half of the modes 
in the former action - the negative-energy modes. It is also necessary to eliminate 
time-derivative terms from the interaction part. 

A general systematic procedure (not assuming the expansion of n near the (0, 0, 1) 
vacuum) for relating the classical string action on R x S^ to generalized LL action 
fl2.1|) - ()2.5p was presented in fJ^. It was based on the "fast-string" expansion (i.e. it 
assumed that the time derivatives of "transverse" string profile n are small compared 
to spatial ones) and on performing field redefinitions to eliminate time derivatives from 
the interaction terms. That determined the exact quadratic term in the action and also 
few leading coefficients aiMMM in (E31),(ESI) (see ^11^,^1^). The "string" values 
of these coefficients are indeed consistent with the string AFS-type Bethe ansatz J3B| . 

While directly extending the approach of ^J to determine the coefficients of higher 
order terms in the corresponding effective LL action appears to be complicated, ex- 
panding near the vacuum n = (0, 0, 1) and concentrating only on the quartic interaction 
vertex one is able to fix its exact form as we shall do below in section 7.2. 

We shall find that it matches exactly the vertex extracted from the tree-level part of 
the low-energy limit of the AFS S-matrix ()4.22j) . This may be expected, given that the 
AFS Bethe ansatz was obtained by discretizing 'Gj the classical R x S^ string Bethe 
equations of j^S], but it gives a hope of more direct understanding of the correspondence 
between quantum string corrections and the structure of string S-matrix (cf. also [H]). 

Below we will first explain how one can relate the LL model with 1-st order kinetic 
term and the vertex of the type of ()5.6|) . (15.21) or its AFS analog to an interacting 
2d action with a relativistic kinetic term. We shall then see that there is indeed a 
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close connection between the string sigma model action on R x S^ and the LL action 
of the type (|2.12j) . (j5.6j) . which generalizes the leading-order classical correspondence 
described in ^DJEI] to all orders in A (but only for quartic interaction terms). 

7.1 A model scalar field theory 

Let us start with an illustrative example of an effective massive two-derivative field 
theory obtained, for example, by expanding the string sigma model around some semi- 
classical solution. ^^ Such an effective action will naturally have a kinetic term with 
two space and two time derivatives and thus, unlike the LL-type models, will contain 
both positive and negative-energy modes. As already mentioned, the latter should be 
eliminated in order to bring it to the LL form. Below we will describe how this can be 
done and as a result reproduce some characteristic features of the LL actions discussed 
in the previous sections. 



One such feature is the occurrence of inverse powers of e{p) = y 1 + Xp'^ in the 
quartic vertex. While the precise structure of the vertex depends on the details of the 
effective action, the presence of inverse powers of e(p) appears to be directly related to 
the elimination of the negative-energy modes. 

Let us start with a generic complex scalar Lagrangian, 

L = ~<P*{d1 -dl + n?)<\> - F4(a«) 0*(^i)0*(z2)</'(^3)0(^4) + . . . . (7.1) 

Here the ellipsis denote terms involving more than four fields (which are presumably 
fixed by the integrability of the theory) . d'^^> collectively denote space and time deriva- 
tives acting on the field at position Zi = (tj,Xj).^° 

Given the action ()7.1|) we may compute the corresponding tree-level S-matrix by 
solving the corresponding classical equations with the free in-field boundary condition. 
The free field can be decomposed into the positive energy and negative-energy modes 

<P = <P+ + <P- , (7.2) 



^^It may have two possible origins. First, we may think of integrating out all string fields except few 
which will appear in the effective action. Such an action would necessarily exhibit divergences which 
should disappear once quantum effects of the modes present in this action are also included (the total 
quantum string theory is expected to be finite) . This action should not be interpreted in the Wilsonian 
sense, as the remaining fields may be equally massive as those which have been integrated out at the 
first stage. Rather, this may be viewed as a way to exactly account for the quantum effects of some 
of the fields while treating others as classical. Alternatively, we may think of this effective action in 
the usual IPI sense. Then all fields are allowed to propagate in the loops so that this effective action 
should be free of 2d UV divergences. As usual, the exact quantum 2d S-matrix is then the tree-level 
S-matrix of such an effective action. 

^^While generically nonlocal, the quartic interaction term typically can be expanded in series of 
local operators of increasing dimension. An exception is the case in which some of the world sheet 
fields which have been eliminated are massless around the chosen background. 
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which will then enter also the non-linear solution and thus the resulting S-matrix. Since 
we will be interested only in the 2-body S-matrix, i.e. in the quartic vertex, we may 
formally use the decomposition (|7.2p directly in the action. 

The kinetic operator can be factorized as: 

52 _dl + ^^ = _D^ D. (7.3) 



D±(9) = idt T e{id^) , e{id,) = sjm^ - dl , (7.4) 

so that D^(j)_ = 0{(f)^), D_(f)^ = 0{(j)^). Suppose we consider diagrams where only 
0+ and (f)\_ appear on external lines and ask which field theory with 1-st order kinetic 
term D_ would reproduce the same S-matrix. To arrive at such action from ()7.H) we 
may supplement the decomposition ()7.2|) by a field redefinition 



'D^{d) 0± . (7.5) 

Then 1)7.111 expressed in terms of (f)± becomes 



L = (j)*^[idt — \lni? — dl 

y4(a») 



-|- terms containing 0_, 01 . (7-6) 

At the tree level ignoring the dependence on 0_, (f)*_ means consistently truncating the 
S-matrix to the sector of the positive-energy modes. The first two terms in ()7.5|) then 
give a 1-st order action that resembles the LL actions discussed above (cf. ()2.12p ). 
However, there is an obvious difference in that the interaction term may contain time 
derivatives. 

To address this issue let us note that the truncation to positive energy modes implic- 
itly assumes that the resulting action is to be used in the low-energy regime (a; <C m), 
where the excitations of the field can be thought of as nonrelativistic. It is therefore 
reasonable to expand the D_ factors in the interaction vertex in ()7.6p in — . Then 
we can further eliminate the time-derivative dependent terms in the vertex using field 
redefinitions (as in the relation between the string sigma model and the LL action in 
[HT]). i.e. using that on the free equations of motion z9i0+ = e{idx)4>+. Equivalently, 



we may just replace idt by Jm"^ — d^. in the quartic interaction term. We then finish 
with the following effective Lagrangian for 0+ 

L ~ 0; [tdt - e{td,)] 0+ - \4 , (7.7) 

1/4 = ^ ^ " ^ " ^ 0;(Zl)0;(z2)0+(^3)0+(^4) • (7.8) 

4v/e(z9i'^) e(z9f ) e{idi'^) e(z#) 
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Comparing this to the on-shell vertex ()5.2j) written in an equivalent symmetric form 

V(p,p'; k, k') = r\ PP'^^^' (7.9) 

' e{p)e{p')e{k)e{k') 



we observe its close similarity with the vertex ()7.7|) extracted from the BDS S-matrix 
provided we choose V4 in a remarkably simple local form 

\>4(9«) OC [9«9f + 9f e)] n S^'\^^ - ^) (7.10) 

There is still a difference in the structure of the kinetic terms in (17. 7|) and in (|2.12p : 
apart from the replacement of m^ by A~^ (and a rescaling of t) here we are missing the 
subtraction of —1 in the dispersion relation ()3.2j) . This can be easily fixed by applying 
a field redefinition (p = e~''"*0, where 0+ will now be a "slow" field. This mimicks the 
"fast string" expansion (based on isolating the fast angle variable) done in relating the 
LL action to string theory action in |2I] (see also |T71E5] ). Then 

- (j)*{d^ -dl + m^)(j) = 2im4)*dt(p - 4)*{d^ - 9^)0 (7.11) 



0+(«5f - y^m^ - 92)0+ = (p*^ idt - (y m^ - d"^ 



m] 



(7.12) 



and so the transformation from the relativistic to non-relativistic theory can be viewed 
as a standard non-relativistic expansion. 

7.2 Relation between string sigma model on i? x 5^ and the 
AFS S-matrix 

Let us now turn to string theory and explain how the above action appears in the 
context of the discussion of ^Tj. There one started with the classical string action 
on R X S^ with the metric ds^ = —dt^ + [da + C(n)]^ + dndn, performed 2-d duality 
a ^ a, and then fixed the "uniform" gauge: t = t, a = -4tO', i.e. Pa = -^=const.^^ 
The resulting action then takes the form 1)2.111 : after the redefinition ()2.10j) of the world- 
sheet coordinate a ^ x = -^a the string Lagrangian jHT] takes the J-independent form 
{S = JdtJdxiL) 



C = Ct-\j[l-\idtnni + ^id,nr] + ^idtn-d,ny . (7.13) 



^^The choice of the isometry direction a in fixing the uniform gauge corresponds to a particular 
choice of a charge that is assumed to be distributed homogeneously along the string to match the spin 
chain picture |2I] ■ In the gauge used in |^ 0HI that isometry direction corresponded to the total spin 
J = Ji + J2 in the SU{2) sector, while in the uniform gauge used in [SHI the corresponding charge 
was single spin component Ji (i.e. a was the angle in one of the three rotation planes). 
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Expanding ()7.13|) near n = (0, 0, 1) and using ()2.11|) we get for the terms quartic in 
fluctuation field (cf. i^J^,i^J^) 



t<P*d,<P - ^<P*{d^ - Xdl)<P + 1 \<P*\^' - Xr) + c.c. 



+ i(0*^-A0'*^)(0^-A0'^)+O(0«) 



(7.14) 



We can now apply to this action the procedure from the previous subsection to read 
off the quartic vertex in the corresponding "non-relativistic" action. 

The first step is to replace the time derivatives in the quartic interaction term in 
()7.14|1 with their expression following from the free equations of motion (the result is 
the same as doing field redefinitions and ignoring higher than quartic terms): 



dt> 



-i[e{id^) - 1]0 , e{id^) = V 1 - Xd'^ 



(7.15) 



The resulting quartic vertex ()5.3|) is then easily found from fl7. 14|) in momentum rep- 
resentation: 



V{p,p';k,k') 



e{p)e{p')e{k)e{k') 



(7.16) 



V4 = Kpp' + kk') - [e{p) - 1] [e{p') - 1] - [e{k) - 1] [e{k') - 1] 

+ 1 (W - [e{p) - IMp') - 1]) {Xkk' - \e{k) - \\W) - 1]) (7.17) 

Upon multiplication of this by the energy- momentum delta-function in ()3.5j) . ()3.7j) (al- 
lowing us to set /c, k' to p,pl or p',p) we then reproduce precisely the "tree-level" part 
of the low-energy AFS S-matrix in (jOS) , dOSl) : 



Vip,p',k,k') ^~'<P)<P') 5^{p,p',k,k') = (5S)tree S+{p, p' , k, k') 



pe{p') — p'e{p) 



2iF{p,p') 



/C<SU{2)\ _ 

I '-'string /tree , .-. i / \ ' 

pe{p ) — p e[p) 



(7.18) 



(7.19) 



Following the procedure of the previous subsection, the resulting non-relativistic effec- 
tive Lagrangian corresponding to ()7.14j) is (cf. ()7.7j) . ()2.12|) ) 



idt-(Jl-Xd^^-l) 



0-1^4(0) + 0(06) 



(7.20) 



K 



1 



e{id^) 
e(tdr) - 1 



e(id^ 



eiidS] 



+ A 



<9.r 



e{idx 



+ A 



dx 



e{idx 



e{idx) 



+ c.c. 



e{idx) 



+ X 



dx 



(7.21) 



e{idx 
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Expanding ()7.20|) in powers of spatial derivatives one can check that it agrees (modulo 
field redefinitions like the one below (|5.6|) ) with the leading terms in the LL vertex 
(j2.16|) for the "string" value of the coefficient 62 in (!2.9|) . 

V4 in ()7.21|) is the "string" or AFS analog of the exact off-shell BDS field theory 
vertex ()5.fi|l . To make the analogy with ()7.2H) more explicit we can represent the 
on-shell BDS vertex ()5.4j) in a more symmetric form (equivalent on-shell to ()5.fjj) ) 



(V'4)bDS - ^ 



e(id:,) ^ ^x e(id:, 



dx 



2 



+ c.c. 



(7.22) 



This is simply one of the terms present in ()7.21|) . It is then also clear which is the 
analog of the scalar action ()7.14|) that would lead to "non-relativistic" action ()7.20p 
with such a quartic term: 

i^BDS = ^</'*5t</' - \<P*{d', - Xdl)<P - ^ {<P*'<P'^ + c.c) + 0(0^) . (7.23) 

Omitting here the quadratic term with two time derivatives leads to the standard 
(leading order) LL action. Since this affects only the quadratic terms, this relation is 
perfectly consistent with the fact that the BDS ansatz is the minimal (and natural) 
generalization of the XXX1/2 spin chain, affecting only the dispersion relation. The 
interaction term in ()7.23j) is invariant under time-dependent U{1) rotations, so we can 
also put the kinetic term in ()7.23j) in the standard relativistic form by applying the 
rotation (j) = e*V that induces instead a mass term (cf. (HHH)) 

Lbds = -l^*id! - Xdl -l)v-\ {v*\" + c.c) + 0{ip') . (7.24) 

This "BDS" action ()7.23|) has obviously quite different structure from ()7.14|) that fol- 
lows from string theory. 



7.3 Strings on ^^5*3 x 5^ AFS-type S-matrix in the SL{2) sec- 
tor and the universahty of the dressing phase 

An important conclusion of the previous subsection is that the tree-level "2-magnon" 
S-matrix following from the string action on i? x S"^ is indeed the same as the low-energy 
limit of the AFS Bethe ansatz S-matrix ()4.22j) in the SU{2) sector. This provided a 
direct relation between the classical string theory and the low momentum limit of the 
AFS ansatz. An obvious question is whether this relation can be extended to other 
sectors. The SL{2) sector is of particular interest: a successful comparison would give 
a nontrivial check of the suggestion ^] that at the classical level in string theory 
the dressing phase o"^ = e*^*''^ is universal to all sectors of the theory. 
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The construction of the low momentum hmit of the BDS-type scattering matrix in 
the SL{2) sector proceeds as in sectionlHand we postpone the details to Appendix A. 4. 
Assuming that the dressing phase is universal, the equations ()A.20|) and (j4.17|) imply 
that the "tree-level" part of the low energy AFS-type S-matrix in the SL{2) sector (i.e. 
the counterpart of KT^ . KT^ in the SU{2) sector) is 



^^SL(2)^ 



tree 



[P-P) - 



pe{p') — p'e{p) 
i pp' 



lO 



AFS 



pe{p') — p'e{p) 



e{p)e{p') — Xpp' 



(7.25) 



In the spirit of the previous subsection, this expression should be compared to the 
world-sheet tree-level scattering matrix of "magnons" (small string fluctuations near 
the BMN vacuum in the parameterization ()2.11|) . i.e. the S^ geodesic) on AdS^ x S^. 
We shall compute the latter below. 

It is worth emphasizing that the notion that the dressing factor cr^ is universal has 
a meaning only under the assumption that the vacua in the various sectors are chosen 
to be the same. ^^ This means, in particular, that to extract the relevant vertex it is 
necessary to use the uniform gauge [SH EH] as in our discussion of the SU{2) sector 
(i.e. t = T, Pa =const, or a = -ia = -^, where a now is the coordinate of S^ from 
S^) and to consider small string fluctuations near the S^ geodesic. 

The corresponding gauge-fixed string action on AdS^ x S^, i.e. the counterpart of 
()7.1H|1 . was constructed in [HE] (see sect. 2 there). Using slightly different parametriza- 
tion than in [SQ (see [Mj) the metric of AdS^ x S^ (after 2d duality a ^ a) may be 
written as ds"^ = —[dt + B {l)]"^ + d£d£ + da^. Here £ is a pseudo-unit 3- vector 

ePT^ij = -1 , 7]ij = diag(-l, 1, 1) , (7.26) 

with a parameterization in terms of a single complex scalar convenient for an expansion 
near the vacuum £ = (1, 0, 0) being 



1 + 2\<P\\ -z(0 - <P*)^l + |0|2, (</, + </,*)^l + |0|2j . (7.27) 

The connection 1-form B (the analog of C in (J2.H) . (J7.13|) ) projected on the world sheet 
has components 

1 r £"^8 P — P3 /^ 1 



5a = -- y di e,,utd^£^dat B, = " ^^ " = --(0*9,0-09,0*) . (7.28) 



^^In multi-component integrable field theories, a change of vacuum state typically entails a change 
of the phase of the scattering matrix. Consequently, changing the vacuum state of only one sector 
induces a phase change of the scattering matrix of only that sector and thus a relative phase compared 
to the other sectors. 



35 



Then the gauge-fixed string action on AdS^ x S^ 

rJ 



becomes 



S 

h 



dt I dx L 





[1 + B,r + -{ddf 



-h 



X 



i-xB'^ + -idjy 



A 



(7.29) 

j2 



B,{1 + Bt) - -dd ■ dj 



This action has a form of the Nambu action in a static gauge, but, in contrast to ()7.13|) . 
without a WZ-type term (the analog of the latter, i.e. Bt, here comes out of the square 
root term upon "fast-string" expansion leading to the LL action [HH]). 

With these preliminaries, we are ready to extract the four-point vertex following the 
same steps as in section 7.1. Expanding ()7.29|) to quartic order in the fluctuation fleld 
gives 



1 



4 
1 

+ - 






\di 



c.c. 



1 



1*2 



A0'- U 



1*2 



i(P*<P* (0' - A0'') + 
A0'*2) + 0(06) . 



c.c. 



(7.30) 



The difference compared to the Rt x S^ case (I7.14p is in the change of sign of the 
second-derivative quartic term (that has to do with the opposite sign of the curvature 
of AdSs compared to S^) and also in the presence of the 3-derivative term. From here 
it follows immediately that the quartic vertex for "magnons" with 1-st order dispersion 
relation, i.e. the analog of ()7.16p . ()7.17|) . is 



V'^^'\p,p';k,k') =% 



ySL(2) 



ySL(2) 



e(p)e(p')e(A;)e(A;') 
-A(pp' + fcfc') + [e(p) - \\W) - 1] + \e(h) - l][e(A;') - 1] 



(7.31) 



- (Aj9p' - [e(p) - \\W) - l]j (AfcA;' - [e(A;) - l][e(fc') - 1] 

^[([e(p) - 1] + W) - 1]) (AA:fc' - W) - \\W) - 1] 
+ (p,p')^(^,^') 



(7.32) 



The vertex V^^*-^-* simplifles considerably upon multiplication by the delta-function 
fl3.5|) enforcing the energy-momentum conservation. It follows then that the tree-level 
S-matrix of this SL{2) sigma model, i.e. the analog of (|7.18|) . (17.191) in the SU{2) case, 
is 



A ^e{p)e{p') 



ySL(2) 

I '-'string J tree = ^ PP 



K{P,P\ k, k') = {S^trfnK)tree S+{p,p', k, k') 



pe{p') — p'e{p) 
SL{2) y _ • ^^, \pp' - e{p)e{p') -1 
pe{p') — p'e{p) 
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(7.33) 



Remarkably, this is indeed the same as the "tree-level" part ()7.25|) of the low energy 
AFS-type S-matrix in the SL{2) sector. ^^ 

We have therefore shown, in a low energy and strong coupling (classical string) 
approximation, that the dressing phase relating the gauge theory Bethe ansatz and the 
world sheet S-matrix is the same in the SU{2) and the SL{2) sectors. This provides 
a non-trivial test of the proposed [U El CD] generalization of the SU{2) AFS ansatz to 
other sectors. 



7.4 Fermionic SU{1\1) truncation of the superstring action and 
AFS-type S-matrix 

As a further test of the universality of the dressing phase we will now discuss the tree- 
level S-matrix [SI of the SU {1\1) truncation j^SI of the AdS^ x S^ superstring action 
and its comparison with the corresponding phase shift in the AFS-type Bethe ansatz in 
|31 13] . The matching of the two S-matrices in the low-energy limit was already noted in 
[H], but since our perspective is somewhat different and also to clarify some conceptual 
issues that seem to have more general importance we shall discuss this case in detail 
below. 

Using the low-energy limit of the BDS-type S-matrix in the SU {1\1) sector from 
Appendix A. 3 ()A.13|) and assuming the universality of the AFS phase we find as in 



(^^"<^'^')tree = ^ (p " p' 



p ~ p 



+ ie 



AFS 



p e{p') — p' e{p) 
p[e{p')-l]-p'[eip)-l]^ . (7.34) 



This is the expression we would, by analogy with the bosonic sector cases, expect to 
get as a tree-level S-matrix in the corresponding sector of the superstring theory. 

Similarly to the truncation of the string theory to the SU{2) and SL{2) sectors, 
the AdS^ X S^ world sheet sigma model may be consistently truncated jlHl ES] to a 
fermionic model |SH] containing the AdS^ time coordinate t, two fermionic components 
\&i,\&2 and a boson a parameterizing an S^ direction in S^ . One may then fix the 
uniform gauge condition [HHlEni, i-e. t = t, Pa = yr- ^^ 

^■^As in the SU{2) sector, this conclusion about the relation of the low-energy AFS S-matrix and 
classical stiing sigma model S-matrix is of course consistent with the "derivation" of the SL{2) dressing 
phase 0] from the classical string model on AdS^ x S^ by discretizing the integral equation |57| 
describing classical solutions of AdSs x S^ string sigma model. 

^*In the more general sector of string theory, the analogous gauge may be fixed by picking the 
isometric direction a on S^ corresponding to the large R-charge, rescaling all other coordinates by 
gigjQ such that they become neutral under the U{1) transformation, dualizing a — s- a and setting 
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Note that in contrast to the previous two cases of the bosonic sectors where J in the 
uniform gauge corresponded to the length of the spin chain on the gauge theory side (J 
was total spin Ji + J2 in the SU{2) case in (|7.13|) and the ^(1) R-charge in the SL{2) 
case in ()7.29|) ) here J is the bosonic R-charge while the length of the chain is L = J+^M 
where M is the number of fermionic impurities j^ Elj (the corresponding operators 
are Tt{Z^~^iIj^)). This suggests a subtlety in the identification of the spin chain 
and the world-sheet S-matrices in this case (which was indeed already mentioned in 
J31IH]).^^ Indeed, the S-matrix on the spin chain side has a meaning only in the context 
of a specific choice of a ground state and its quantum numbers so the identification of 
the length on the l.h.s. of the Bethe equations (ll.lj) with the length of the world-sheet 
spatial direction is important. ^^ 

Using the consistent truncation of [SB] , T-dualizing the coordinate a — > a and fixing 
the gauge t = r and a = -4^a = -j= one finds the fermionic analog of the bosonic 
actions in ()7.13|) and ()7.29p . i.e. the action of [^21 with each spatial derivative d^ 
having an additional factor of v A 

+ l^Xe"^ {^'^'fda^p'^d^^ . (7.35) 

8 

Here \l/ is a two-component spinor (formed from 2 components of the original fermions 
of the ^^5*5 X S^ superstring), ^> = v&V" and 

""-("o' ?)• "'-(" o)- ^'-'°^' - ^'-''^ 

Like the bosonic actions ()7.13|1 and ()7.29|1 . this non-linear fermionic action is classically 
integrable [HS] but should not be expected to be meaningful at the quantum level (in 
particular, it is not renormalizable, cf. |H]): to compute quantum corrections one is 
to include couplings to all other superstring modes. As in the previous bosonic cases, 
here we will be interested only in the tree-level 2-particle S-matrix corresponding to 
(where the 6-point interaction term may thus be dropped out). 



As was pointed out in jlB] , to compare the truncation of the superstring action to 
the spin chain side, the SU{1\1) spin chain fermionic magnon should be identified with 

one of the two components of the fermion field \1/ = ( -j. I . Our aim is thus to compute 

the tree S-matrix for this component. 

^^Let us note also that the dependence of the form of the "string" Bethe ansatz on a choice of 
world-sheet gauge was emphasized in [HUJ ^] . 

^^In general, the gauge choice is also related to the issue of identification of the vacua; the choices 
of vacua in the three rank-one sectors are formally the same ~ the vacuum is the BMN one; however, 
its embedding in the full string theory may appear to be different. 
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Written explicitly in terms of \E'i and \1'2, the Lagrangian ()7.35|) is, up to the relevant 
fourth order in the fields, 



+ 






+ 0(^6) (7.37) 



Since \E'i and "^2 have opposite signs of mass terms, applying the redefinition like the 
one in ()7.1ip or the one relating ()7.24j) and ()7.23|1 . i.e. 



^1 = e'X 



v]/, 



e\ 



(7.38) 



we make ( "massless" while x more massive, and thus can naturally integrate out the 
latter. This rotation of the fluctuation fields is necessary in order to relate the truncated 
string action to a "non-relativistic" LL-type action for the fermionic "magnons" [IH] 
(cf. ()6.2j) ). Similar rotation was automatically incorporated in the choice of gauge 
fixing and field parametrization in the SU{2) ()7.13|) and SL{2) ()7.29|) sectors where 
fj7.14|) and ()7.30|) contained linear in time derivative "friction" term. For comparison, 
such term would be absent if one would start with the BMN-type action for bosonic 
fields. 27 

Solving the equation for x gives 



X 



VXd^^ 



( + 0{(' 



2-idt 

and thus the effective Lagrangian for (^ becomes^^ 

Xdl 



(7.39) 



L{0 = ~C[^dt- 



2 -id, 



c 



-¥ 



C^C((1-W^.C + A 



-{l-zd,)d^^ dl 



idt 



2 -id, 



-C) + h.c. 



+ ...(7.40) 



The dispersion relation for ( is thus idtC = (1 ± wl — Xd'^)( + 0{( ). Using that 



idt- 



2-idt 



idt + \l-\dl-l] P 



P' = 



1 + y'l - A92 - idt 
2-td, 



(7.41) 



we can then find the effective Lagrangian for the positive-energy part of ( with the 
expected dispersion relation by redefining 



C = P-'i^ 



(7.42) 



^^For example, in the case of Rt x S^ we gauge-fixed the "fast" coordinate which was the combined 
angle in the two rotational planes (corresponding to the total spin Ji + J2). Had we fixed, as in 
the BMN fluctuation case, the angle in only one rotation plane, we would need to apply an extra 
time-dependent rotation to the fluctuation fields. 

^^An equivalent (up to change of notation) quadratic part of the action appeared in the same context 



m- 



39 



getting (cf. (Q and ^^) 



C{ij) = -^*Ua, + Vl-Aa2-lU 



-\-^ 



p"^*'Y^^* ( (1 - z^OP- V9.P-V 



+ A^ — -— ^- ^ "^ ij + h.c. 

2 — lOt 2 — ^^i 



+ ... (7.43) 



where P = P'^ . 

The on-shell 4-vertex corresponding to this Lagrangian (found by ehminating the 
time derivatives in the quartic term using the free equation of motion for ip, so that 

tdt-^l- e{id,), P-' ^ ^^^=-) is (cf. mB,UM and (IISID,(IIS2D): 

J e{p)e{p')e{k)e{k') 
Vs.(.,). ..^ ^n ^ _A [p'-p- A{p,p')][{l + e(fc))(l + e{k')) - \kk'] 

4 ' ^(l + e(p))(l + e(p'))(l + e(A:))(l + e(A:')) 

where A{k, k') = ke{k') —k'e{k). Multiplying this vertex ()7.44|) by the kinematic factor 
leads as in ()7.18p . (17.331) (with 5+ ^ (5_ as in [8, ) to a very simple result for the S-matrix 

V^"^^'-> ^~''''^^'^^'\ 6.{p,p',k,k') = (5S')tree(p',p) S4p,p',k,k') , 

pe[p ) — p e[p) 
(^S0tree = ^[pe(p')-P'e(p)] . (7.45) 

This is the same tree-level S-matrix as one finds from 8J by interpreting their result 
for the S-matrix of the model of |53| in terms of a "non-relativistic" single-component 
fermionic field theory. 

The string theory result ()7.45|) is different from the low momentum limit of the 
AFS-type S-matrix for the SU{1\1) sector ()7.34p by a A-indepedent term |(p' — p). 
The difference is actually the necessary correction to the scattering phase appearing 
from expressing the Bethe equations in terms of the R-charge J rather than the length 
L = J + |M of the chain jl||H|- On the string theory side, this shift may be attributed 
to a choice of the uniform gauge that fixed J instead of L. ^^ We conclude that the 
direct string-theory computations of the "magnon" S-matrix confirm that the non- 
trivial A-dependent dressing phase relating the "gauge" and "string" Bethe ansatze is 
universal for all the rank one sectors. 



^^An alternative interpretation of this change in the scattering phase is that it is due to a difference 
between the choice of the vacua in the SU {1\1) and the rank one bosonic sectors. 
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8 Outlook 

One important lesson of the present paper is the following. To compare the spin chain 
Bethe ansatz phase shift for magnons near the ferromagnetic vacuum which have "non- 
relativistic" first-order dispersion relation to string theory one should re-organize the 
string-theory S-matrix for BMN-type modes (which originally have relativistic disper- 
sion relation) into the S-matrix for an effective field theory of the positive-energy modes 
as discussed above in section 7.1. 

A potential application of the relation between the low-energy limit of the AFS- 
type S-matrix and the "non-relativistic" form of the classical string action we have 
investigated in this paper is a possibility to shed light on the connection between the 
structure of string «' ~ :;^ corrections and subleading terms in the string phase in 

The are several open issues that require analyzing the complete world sheet theory at 
the quantum level. One is relation to quantum corrections within the Landau-Lifshitz 
framework, e.g., whether (part of) higher-order terms in ()4.2n|l may be interpreted as 
quantum loop corrections in the LL model ()7.2()j) . 1)7.211) . Still, the "non-causal" loops 
of the LL model do not involve negative-energy modes which are present in the full 
string loop contributions (where not only quartic but also higher-order vertices will be 
contributing to 2-particle S-matrix) , so to account for the latter one needs to go beyond 
the specific low-energy approximation to the AFS scattering matrix we considered in 
section 4. 



Acknowledgments 



We are grateful to G. Arutyunov, S. Frolov, V. Kazakov, J. Minahan, J. Russo and 
K. Zarembo for useful discussions. The work of A.T. and A.A.T. was supported in 
part by the DOE grant DE-FG02-91ER40690. A.A.T. acknowledges also the support 
of INTAS 03-51-6346, EC MRTN-CT-2004-005104 and the RS Wolfson award. 



Appendix A: Effective field theory vertices in SL(2) 
and SU {1\1) sectors 

In this Appendix we shall generalize the construction of the effective 2d field theory 
vertex from EDS SU{2) S-matrix to the other two rank 1 sectors. The same can be 
repeated also for the AFS-type case (using the general expressions in 0). 
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A.l Bet he Ansatz equations 

Let us start with recalling the S'-matrices that enter the BDS-type Bethe ansatze for 
SU{2), 5*^(111) and SL{2) sectors ^Ellll. The Bethe ansatz equations can be written 
in the form [H] 



M 






SniPj,Pk) 



4 


-4. 


>i 


i — 
1- 


4x+x, 
A 


^^l4 



(A.l) 



where r] = -1,0, 1 for the SL{2), SU{1\1) and SU{2) sectors. Here 

A 



e±fpfc 



X L 



1 + 4A sin^ 



Pk 



4sin£fV" ■ 2 



A = 



(2n) 



(A.2) 



An important property of the S-matrix in ()A.1|) is that it can be written as 

^viPj^Pk) + Br,iPj,Pk) _ 1 + Br,{pj,Pk)/An{pj,Pk) 



'' ^' Ari{Pj,Pk)-B^{pj,Pk) 

where B^ is purely imaginary and 



An{Pj,Pk) 

Br,{Pj,Pk) 



[X- 



^k^a 



A 



4x+Xfc 



1 - Br,{pj,Pk)/A^{pj,Pk) 



+ (x:r-xt)^(l- 



(A.3) 



Axjxl J 



'^?-^^)''i-STI 



— [X, 



4ra 



A 



j -^k 



Axj xt 



(A.4) 



A.2 4-point vertex from S-matrix 



Given a field theory of the type ()2.12|1 . it is a simple exercise to find its tree- level 
S-matrix. It is related to the 4-point vertex V{p,p'; k, k') in ()5.3p by multiplication by 
the kinematic factor ()3.7|) 



Stree = V{p,p;k,k} — 



P' ^(p) ~ P ^ip') 



(A.5) 



Here we are free to use the on-shell condition for the momenta p,p', k and k' as well 
as momentum conservation. Making use of this freedom (which, as discussed above, 
implies that p,p' equals k, k' or A;', k) it is always possible to put the vertex in the form 



V{p,p';k,k') 



Vip,p') + Vik,k') 



(A.6) 



This freedom brings in the issue of reconstructing the off-shell vertex V from the knowl- 
edge of the tree-level S-matrix. This issue is particularly relevant for rank 1 fermion 
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sector. The S-matrix depends on two incoming momenta and as such the vertex will 
have the structure ()A.6|) . But then it may seem impossible to write a nontrivial La- 
grangian L for two anticommuting fields ip, ip since fjA.6|) implies that the corresponding 
terms in L will contain either ijj'^ = or ip"^ = 0. This is, however, an illusion stemming 
from a naive use of free equations of motion as well as momentum conservation. 

To identify a way to undo the use of momentum conservation we are to take into 
account the statistics of the scattered particles. In particular, the vertex should be ei- 
ther symmetric or antisymmetric depending whether the scattered particles are bosons 
or fermions.^" Below we will use the momentum conservation constraint on the vertex 
which is extracted from the scattering matrix in such a way that the required symmetry 
properties are manifest. 

Up to divergent terms that we discard, the 1-loop contribution to the resulting field- 
theory S-matrix is (cf. ()5.18|) ): 

, A-^e(p) e{p') 
5i-ioop = Ii{p,P) , , . r^T , (A.7) 

h{P,P) = {-iy^^[V{p,p)] ^— -— , Stree = TT7 ^ • (A.8) 

p e[p) —p e[p ) y{P,P) 

Then the all-loop S-matrix is: 

5'all-loop = Tc (A--9) 



l-^S, 



tree 



By comparing this with the S-matrix extracted from the Bethe equations ()A.3j) it 
follows quite generally that 







e{p)e{p') 


(xt- 


-X2)^il- 


A 




4x+x- 


where xf = 


= a;^(p). 


xf = x^ip'). 









^X X ' 



A. 3 4- vertex in the SU {1\1) sector 

As explained in the SU{2) case, to compare with the field theory S-matrix we need 
to take a specific low-momentum limit in the Bethe ansatz S-matrix, in which p -^ 

■^^This is implicitly taken into account by the fact that the relative sign between the two terms in 
d+ in 1^1 5|l is positive for bosons and negative for fermions (see, e.g., |H]). 
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and one keeps only the leading term in p at each order in A. This amounts to the 
replacement: 

^^(P) ^ ^, e(p) = Jl + Ap2 . (A. 12) 



2p 



Then 



(5's«(i|i)) 



tree 






::t. 






{Ssuil\l))tTee = - {P-P') 



P — p' 



P C(P') '~ P' ^(P) 



(A.13) 



= ~rPP \P ~ P) PP [P — 2p p + 2pp — p ) 

4 16 

+ — PP'{P^ - '^P'^P' + 2p^p'^ - 2pV^ + 2pp'^ - p'^) 

pp\p'^ - 2p^p' + 2p^p'2 - 2pV^ + 2p^p'^ - 2p^p'^ + 2pp'6 - j9'^) + . . . 

256 

Thus, after dividing by the kinematic factor, 

P ^ip') ~ P' ^ip) p — p' 



V.«(i|i)(p,p) = -\{p-p') 



e{p) e{p') 



e{p) e{p') 



(A.14) 



I.e. 



Vwi|i)(p,p') 



= —pp'ip - p')'^ + -rTrPP'ip - p'Yi'ip^ + PP' + 3p'^) 

_ 4 16 

iX'^ 
- — pp'ip - p'f{^p'^ + 2pV + SpV'^ + 2pp'^ + 5p'^) 

+ ppip — p')^(35]9^ + 15p^p' + 35pV^ 

256 

+17pV^ + 35p^p'^ + 15pp'^ + 35p'^) + . . . 



(A.15) 



Note that this vertex starts with the 2-loop order A^ term, in agreement with the fact 
that the leading-order LL action in the su(l|l) sector is free |^ 1 ^ 1 ^ I46 | IH^ . 

Clearly, the vertex ()A.14|) does not have the symmetry properties necessary to arise 
from a fermionic action, as it is symmetric under p ^->- p'. The required antisymmetry 
is restored by using the momentum conservation to express the overall factor {p — p') 
in terms of the outgoing momenta: 



Vsu{i\i) {k, k'; p, p') = ^Kk- k') 



P ^ip') ~ P' ^ip) 
e{p) e{p') 



p — p 
e{p) e{p') 



tX' 



■pp'{p-p'){k-k') + 0{X^) 



(A.16) 
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This vertex allows us to determine the leading part in the quartic interaction term 
of the resulting fermionic coherent state action corresponding to the BDS-type Bethe 
ansatz in the ^t/(l|l) sector (cf. (ITT^ .dFni)) 



S 



dt I dx \ — ip 



tdt + Ul-Xd^-1] 



^ - V{^,ij) 



(A.17) 



V = V. + Ve + 



V, 



X' 



{ijiP'i/j'ilj" + h.c.) + 0{X^) 



(A.18) 



where ip' = d^ip and ip is a complex anticommuting field. ^^ The exact form of V4 that 
follows from (prT6|) is (cf. (jHSl)) 



14 = -^ i'dxi^ 

o 



iJ 



d:r 



Xdl 



-^ 



1 - Xdl 



-^ 



dx 



1-Xdl 



-^ 



+ h.c. 



(A.19) 



This interaction term was constructed using the BDS-type S-matrix.^^ Including a 
proper "string" phase in the S-matrix one should be able to reconstruct the effective 
action that should be more closely related to string theory.^^ 

A. 4 4-vertex in the SL{2) sector 

Similarly, in the SL{2) sector one finds for the low momentum limit of the BDS-type 
S-matrix (using (TOoll . (r02|l . etc.) 



„-\-i 



is. 



(1 



sl(2))trcc 






UCi 



Xn 



Hi 



-f. 



{xt 



is 



sl{2))tTce 



x^r^i 



{p - p') 



A 



-) + (xr-x2+)-i(i 



p2 _^ pi2 



4^J^i 



pe{p') — p'e{p) 



(A.20) 



2ipp' ^ iX pp' ^ ,2n 
-iv +V ) 
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p — p' 2 p — p' 

l\ PP , 4 3 / I o 2 /2 o '3 I /4\ 

-{p — p p +2p p — 2pp + p ) 



p — p 



+ 



!^^EL(p6 _ p5p/ ^ 2pV2 _ 2p3p'3 ^ 2pV4 _ pp'5 ^ p/6) ^ 

16 p — p' 



■^^As discussed in |46) . to find a similar quadratic term on the string theory side where one starts 
with a relativistic massive fermion action one is to solve for one of the two fermionic components in 
terms of the other. 

^^It is of course different from the relativistic model of [SS] (obtained by a particular truncation of 
the classical string action of [22j) for which the quantum S-matrix was computed in [H]. 

^•^Let us note again that there is a freedom of off-shell extension that allows, e.g., to write the 
denominators here in a more symmetric form, as suggested by the string theory considerations of 
section 7 (cf. ^^). 
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Multiplying by kinematic factor, the exact expression for the vertex summing up the 
leading small momentum terms at each order in A expansion is (cf. (|5.2|) . ()A.14|) ) 



^sli2){p,p') =«A 



(P-P 



, p e{p') — p' e{p) p^ + p' 



/2 



e(p) e(p') 



e{p) e{p') 



(A.21^ 



I.e. 

'^sii2){p,p') = -2i\pp' + -—pp'ij)^ + p'^) —pp'i'ip'^ + 5pV + 5pp'^ + 3p"^) 

_ 2 o 

+ — pp'ihp^ + 8pV + 6pV^ + 8pp'^ + hp'^) + ... (A.22) 

16 

The leading-order LL action in the SL{2) sector (depending on a pseudo-unit vec- 
tor parametrizing AdS^) was constructed in [^ |S3] (see also |SZ]); the higher-order 
corrections to spin-chain LL action were not computed before (corrections to string 
LL action can be found from the expressions in [HE])- The S-matrix approach avoids 
the problem of complicated explicit form of the dilatation operator in this sector and 
gives one an efficient method of reconstructing the higher order terms in the effective 
action. We thus get the following quartic term in the SL{2) effective action (cf. ()5.6p 
or (jSUl)) 



V, = -< 



\dl 



dl 



\dl 



) + 9^ 



dx 



dl 



1 - \dl 



\dl 



+ C.C. (A.23) 



As was observed in ^|3], the BDS S-matrices in the three sectors are formally related 
by Ssu{2)Ssi{2) = [Ssu{i\i)?, implying that 



('-'su(2))tree + {jsl{2))trec — '2{^su{l\l))tiee ; 
Vs«(2) + Vs;(2) = 2Vsu(i|i) , 



(A.24) 
(A.25) 



which provides a simple check on the expressions in (j5.2j) . ()A.21|) and ()A.14|) . The 
relation ()A.24|) is true also after the inclusion of the AFS phase contribution (|4.17|) 
which is the same for all sectors. 



A. 5 Deformation of the BDS S-matrix and the vertex 



Let us now comment on the impact of the extra phase that relates the BDS S-matrix 
Sg and the S-matrix Sg (called, respectively, ^i and S in (|1.2|) ) entering the string 
Bethe equations on the structure of the resulting field theory vertex. If we start with 



'm2 



Ss{p,p) = Sg{p,p) [a{p,p)] 



a 



a + b 
a — b 



(A.26) 
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where B in ()A.3|) and b in ()A.26|) are assumed to be purely imaginary, then it is not 
hard to trace this deformation through the steps made above and find the deformed 
(string) theory analogs of the quantities A and B in ()A.4|) 

' ~ ' Ag + Bg a-b 

{Aga - Bgb) - {Agb - Bgo) _ As-Bs 

{Aga - Bgb) + {Agb " B gO) ' A, + B, ^ ■ ^ 

We can then reconstruct the 4-point vertex (tree S-matrix) for the "string" LL model: 

_ B, Agb - Bga ve - Vg Bg ^^ _ b _ 9 

^' = Tr Aga-Bgb-l^V^e' '~\' "^^ " a " *^^ 2 ' ^^'^^^ 

where Q is the dressing phase relating the gauge and string theory Bethe Ansatze. 
To relate this to the discussion in section 4 one should apply the small momentum 
expansion to simplify the entries in ()A.27|) . 



Appendix B: Momentum expansion of the leading 
strong coupling correction to the AFS phase 

Here we shall present some details of the small momentum expansion of the leading 
quantum correction to the AFS phase which we used in section 4 and show that it 
modifies the small momentum expansion in (J4.19J) by terms nonanalytic in A leading 
to further deviations from ()4.24|) . 

The dressing phase in ()1.2|) . ()4.11|) is defined by its large A expansion 

e = eAFS + ^HL + 0((^) , (B.l) 

where 6'hl is the first correction in ()4.11|) . ()4.12|) given by (il^ 

_ r-l I s-1 

^HL = E E «- I {(IsipMAv) - qs{p')qr{p)] (B.2) 

r=2s=r+l \^/ 

with ttrs = ~ (^,_i)2_(gli)2 fo^ o*^'^ r + s and otherwise. Using the small momentum 
limit ()4.15j) of the charge densities g,-, it is easy to see that ^hl may be written as 

(B.3) 



oo oo 

^HL = PP9{P)9{P) E E (^rs 
r=2 s=r+l 



g{pYg{p'y gip'YgipY 



where 

y^p 

gyp) 



e{p) - 1 
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is fixed in the small momentum limit. After changing the summation index s to 
s = 2n + r + 1 to take into account the vanishing of a^s for even r + s, the double sum 
in ()B.3|) equals the second mixed derivative of a double sum computed in PU] : 



oo oo 






1 



= -[log^log^^ (B.4) 

Vy- Vx v^ - V a; v^ + V x v^ + V x 

Some algebra then leads to 

^ ^ 2 vv'g{j))g{j)') , . 

^gip) - 9{P')){1 - 9{p)9{p')) ^ ■ ' 



X 



^ 1 (1- gip)gip')Y + {g{p) - g{p')f ^^ (1 + ^(p))(l - g{p')) 
2 (^(p) - g{p'm - g{p)g{p')) "" (l - ^(p))(i + g{p')) 



As expected, in the small momentum limit p — > and Ap^=fixed, the correction ^hl 
to 6'afs scales as p^] however, its dependence on A is nonanalytic: 



^HLOcpV(VAp) (B.6) 

Including this additional phase in the ()4.19|) will modify its low momentum expansion 
by terms nonanalytic A starting with 

5~Sk^s = -^>?'Vp'\p-p') + ... (B.7) 

This implies further deviations from the naive expectation ()4.24|) (expected by analogy 
with the BDS case) for the low-energy limit of the scattering matrix of the "string" 
ansatz. It is possible in principle that this nonanalytic dependence on A may change 
once all higher order corrections to 9 are resummed. This may be expected on the 
grounds that the dressing phase should have an analytic expansion at small A if it is 
eventually to agree with perturbative gauge theory. 
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